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CHAPTER I 
INTRODUCTION 
A. Statement of the Problem 
It is well established both from in vivo as well as in vitro 
experiments that the pituitary adrenocorticotrophic hormone (ACTH) 
stimulates the production of adrenocortical steroid hormones. 1 An 
2 
outline of the sequence of reactions involved in adrenocortical 
steroidogenesis has also been put forwardl, and thus it becomes possible 
to attempt to elucidate the action of ACTH in fundamental terms. This 
thesis concerns itself with two problems necessary for an understanding 
of ACTH action on steroidogenesis. 
The first concerns definitive elucidation of the metabolic 
sequences involved in production of adrenocortical hormones by bovine 
adrenal tissue. Since ACTH acts to drive this reaction sequence, it is 
apparent that to the degree that we understand the precise chemical 
steps involved in corticosteroid biosynthesis, we should be in a posi-
tion to better understand the action of ACTH. Specifically, the role 
of two key possible intermediates, 11-deoxycorticosterone and 1~-
hydroxyprogesterone, have been re-examined to remove major uncertainties 
which have existed concerning the pathways leading from cholesterol to 
cortisol and corticosterone. 
The second aspect of this thesis concerns the responsiveness of 
adrenocortical tissue to ACTH which appears to be related somehow to 
~echter, 0., and Pincus, G. Genesis of the Adrenocortical 
Secretion. Physiol. Rev. 34:459, 1954. 
3 
the structural organization of the tissue. Thus, when tissue organ-
ization is disrupted by homogenization, the resulting hamogenates are 
no longer responsive to ACTH but retain the capacity for corticoid 
synthesis. MOreover, the intact bovine adrenal gland perfused with 
blood appears to be at least 100 times more responsive to ACTH than 
bovine adrenocortical slices incubated in a variety of media. In 
seeking a clue to the reason for these differences in responsivity of 
diverse in vitro preparations to ACTH, studies have been undertaken 
upon clumps of bovine adrenocortical cells to provide a system inter-
mediate in disorganization between slices and homogenates. The effect 
of ACTH in this system has been studied, and the possibility that 
cofactor availability may represent an important aspect of ACTH action 
has been examined. 
The remainder of this chapter presents the background material 
pertinent to this study. 
B. Adrenocortical Secretory Products 
It is now accepted by most investigators that the principal 
active hormones of the adrenal cortex are 17a-hydroxycorticosterone 
(cortisol), corticosterone, and aldosterone. Qualitatively, these three 
steroids account for the known physiological effects of adrenocortical 
• 
extracts
2
• Bush3 reports that, quantitatively, cortisol and/or corti-
costerone comprise 74 to 100 per cent of the total typically steroidal 
material extracted from the adrenal vein blood of various species (cat, 
dog, ferret, sheep, rat and monkey). other in vivo observations also 
demonstrate this predominance of these steroids: in the dog and human 
by Nelson et al. 4 , in the human by Romanoff and Pincus5, in the cow by 
4 
6 7 8 
Reich et al. , and in the dog by Hechter et al., and Farrell and Richards. 
2 
Nelson, D. H. Adrenocortical Secretion and Factors Affecting 
that Secretion, Fifth Annual Report on Stress. ed. H. Selye and 
G. Heuser (New York; MD Publications Inc., 1955-56.), 169. 
3Bush, I. E. Species Differences and other Factors Influencing 
Adrenocortical Secretion, Ciba Foundation Colloquia on Endocrinology. 
(London: Churchill, 1953), VII, 210. 
4 
Nelson, D. H., Samuels, L. T. and Reich, H. The Cortical 
Steroid. in Mammal jan Blood after ACTH Stimulation. P.roc. Second Clin. 
ACTH Conf. ed. J. R. Mote (New York: The Biakiston Co., 1951), I, 49. 
5 . 
Romanoff, E. B., Hudson, P., and Pincus, G. Isolation of 
Hydrocortisone and Corticosterone from Human Adrenal Vein Blood. J. 
Clin. Endocrinol. and Metab. 12:1546, 1953· 
6 
Reich, H., Nelson, D. H., and Gassner, F. X. Isolation of 
17-Hydroxycorticosterone and Other steroid Ketones from Adrenal Venous 
Blood of Cows. Federation Proc. 10:331, 1951. · 
7 Hechter, o., Macchi, I. A., Korman, H., Frank, E. D., and Frank, 
H. A. Quantitative Variations in the Adrenocortical Secretion of Dogs. 
Am. J. Ph.ysiol. 182:29, 1955· 
8 
Farrell, G. L., and Richards, J. B. Isolation of a Potent 
Sodium-retaining SUbstance from Adrenal Venous Blood of the Dog. Proc. 
Soc. Exp. Biol. & Med. 83:628, 1953. 
/ 
5 
In vitro studies also indicate that cortisol and/or corticosterone are, 
9 quantitatively, the major secretory products of the adrenal. Adreno-
cortical hormones are closely related steroids differing only in the 
functional groups attached to a common ~4-pregnene-3,20-dione nucleus 
(Figure 1). The differing biological properties of these hormones are 
apparently dependent upon these small structural differences in the 
steroid molecules. Corticosterone exhibits moderate potency in the 
maintenance of life in adrenalectomized animals , in the muscle work 
test of Ingle, in the regulation of carbohydrate metabolism, and in 
sodium retention. The possession of the 17-hydroxy function , as in 
cortisol, increases t he potency in the regulation of carbohydrate metabol-
10 
ism .and maintenance of muscular performance. The 18-aldehyde group 
of aldosterone increases the effectiveness in sodium retention by a 
11 fac t or of a hundred or more. 
Four other steroids isolated from adrenocortical extract 
(cortisone, 17-hydroxy-11-deoxycorticosterone, 11-dehydrocort icosterone , 
and 11-deoxycorticosterone) are active in various adrenocortical 
hormone bioassays, but the significance of these steroids as secret ory 
products is obscure since they have been found. only in relatively 
9 Hechter, 0. , and Pincus, G. Genesis of Adrenocortical 
Secretion. Physiol. Rev . 34:459, 1954. 
10 
Young, F. G. The Influence of the Adrenal Cortex on 
Metabolism. J . Endocrinol. ~:xiv , 1947 
ll 
Simpson, S. A., Tait, J. F., Wettstein, A., Neher, R., von Euw, 
J., and Reichstein, T. IsolierlJilg eines neuen Kristallisierten Hormons 
aus Nebennieren mit besonders hoher Wirksamkeit auf den Mineralstoff-
wechsel. Experientia 2:333, 1953. 
PROGESTERONE 
(64-Pregnene-3,20-dione) 
Rings and key carbon 
atoms are labeled 
4 CORTISOL (6 -Pregnene-ll~,l7a,2l­
triol-3,20-dione, l7a-
hydroxycorticosterone, 
Kendall's Compound F) 
4 
CORTICOSTERONE 
(~ -Pregnene-11~,21-diol-3, 
20-dione, Kendall's 
Compound B) 
. 4 ALDOSTERONE (6 -Pregnene~lB-aldo-11~, 
21-diol-3,20-dione, formerly 
"electrocortin" ) 
Figure L 
Molecular Structures of Progesterone and Adrenocortical Hormones. 
6 
12,13 
trace amounts in adrenal vein blood. The molecular structures of 
these steroids are shown in Figure 2, together with the trivial names 
used in the literature. 
In addition to the corticosteroids mentioned, twenty-two 
additional steroids have been isolated from adrenocortical extracts, 
some of Which possess androgenic, progestational, and estrogenic 
t . •t 12 ac lVl y. In vitro incubations and perfusions of adrenal tissue 
have yielded an additional series of steroids hydroxylated at the Gx, 
6~, 16a, 18, and 19 positions. 14 The knowledge of these last two 
groups of compounds has been indispensable to the evolution of our 
understanding of corticosteroidogenesis; however, these hydroxylated 
compounds have not as yet been shown to enter the normal adrenal 
effluent blood, and hence a re not considered adrenocortical hormones. 
12 
Hechter, 0., and Pincus, G. Genesis of Adrenocortical 
Secretion. Physiol. Rev. 34:459, ·1954. 
13Hechter, 0., Macchi, I. A., Korman, H. , Frank, E. D., and 
Frank , H. A. Quantitative Variations in the Adrenocortical Secretion 
of Dogs. Am. J. Physiol. 182:29, 1955. 
14 Hayano, M., Saba, N., Dorfman, R. I., and Hechter, 0. 
Aspects of the Biogenesis of Adrenal Cortical Hormones. Recent 
· Hormone Research 12:79, 1956. 
Some 
Progr. 
7 
. 4 11-DEOXYCORTICOSTERONE (6 -Pregnene-21-ol-3,20-dione, 
DOC,21-hydroxyprogesterone) 
17-HYDROXY-11-DEOXYCORTICOSTERONE 
(~4-Pregnene-17a,21-diol-3,20-
dione, Reichstein's Compound 
S, 11-Deoxycortisol) 
Crl1 0H 
l 
c.= o 
11-DEHYDROCORTICOSTERONE 
(~4-Pregnene-21-ol-3,11,20-
trione: Kendall's Compound A) 
C. H;~.Oii 
I 
c.=o 
4 CORTISONE (~ -Pregnene-17a,21-diol-3,11, 
20-trione, 11-Dehydrocorti-
sol, Kendall's Compound E) 
Figure 2. 
Molecular Structures of Steroids Found in Trace Amounts in Adrenal 
Vein Blood. 
8 
9 
c. Reaction Sequence of Corticosteroidogenesis 
The recent and rapid increase in our knowledge of the molecular 
transformation involved in the biogenesis of adrenocortical hormones 
has been very dependent upon the relatively new chromatographic and 
radiotracer techniques used in combination with in vitro adrenocortical 
preparations. 
The introduction of the adrenal perfUsion technique in 194815 ' 16 
provided a practical means of maintaining and studying the function of 
the excised adrenal gland under controlled conditions. The perfUsed 
gland has been shown to synthesize adrenal cortical hormones from endo-
16 
genous precursors, and to respond to adrenocorticotrophic hormone (ACTH). 
Briefly, the perfusion technique17 , when used to study corticosteroido-
genesis, involved the addition of compounds suspected of being precursors 
of corticoids to citrated blood, which is then perfUsed through the iso-
lated, surviving adrenal gland. The steroids are extracted from the 
blood and isolated by chromatographic methods. In the earlier studies, 
radioactive precursor compounds were not available, and any significant 
increase in the relative quantity of a given product was an indication 
that the adrenal cortex had converted the suspected precursor to this 
15 
Hechter, 0. Lymphocyte Discharge from Isolated Rabbit Spleen 
by Adrenal Cortical Extract. Endocrinol. 42:285, 1948. 
16 
Hechter, O. Corticosteroid Release from the Isolated Adrenal 
Gland. F~deration Proc. ~:70, 1949. 
17 
Hechter, 0., Jacobsen, R. P., Schenker, v., Levy, H., Jeanloz, 
R. W., Marshall, C. W., and Pincus, G. Chemical Transformation of 
Steroids by Adrenal Perfusion: Perfusion Methods. Endocrinol. 52:679, 
1953· 
lO 
steroid product. The later use of cl4_labeled precursor compounds 
permitted the detection of radioactivity in the resulting steroid con-
version products, and yielded conclusive evidence of conversion of any 
particular precursor to "finished" product. These perfusion studies, 
supplemented by data obtained from incubations of cell-free homogenates 
of adrenal cortical tissue, provided evidence which led to the evolu-
tion of the scheme of corticosteroidogenesisl8 , which is outlined in 
Figure 3. 
As shown in the figure, it is postulated that cortisol and 
corticosterone are formed from cholesterol via a well-defined series of 
reactions. Pregnenolone (.6.5-pregnene-313-ol-20-one) arises by removal 
of a six-carbon fragment (isocaproic acid) from the side-chain of 
cholesterol.l9 Progesterone (.6.4-pregnene-3,20-dione) is formed by the 
oxidation of the 313-hydroxyl group in ring A to the 3 ketone with the 
double bond shifting from ring B to ring A. Cortisol and corticosterone 
are t hen formed by the step-wise hydroxylation of progesterone. Separate 
pathways from progesterone to cortisol and corticosterone were proposed; 
cortisol being the product if the order of hydroxylations is C-l7, C-2l, 
and C-ll; and corticosterone if only the latter two hydroxylation steps 
occur. An essential feature of the sequence maintains that if the 
progesterone molecule is first hydroxylated at C-2l, f orming l l-deoxy-
cort icos terone (DOC) , C-l7 hydroxylation of this molecule does not then 
t ake place. Thus, on the basis of the data available, it was considered 
l8 
that neither DOC nor corticosterone was converted t o cortisol. 
l8 . Hechter, 0. , and Pincus, G. Genes1s of Adrenocortical 
Secretion . Phys iol. Rev. 34: 459 , l954. 
l9Staple, E., Lynn, W. s. Jr., and Gurin, S. An Enzymatic Cleav-
age of the Cholesterol Side-Chain. J. Biol. Chern. 2l9:845, l956. 
ll 
CHOLESTEROL 
(side-chain cleavage) 
PREGNENOLONE 
(oxidation of ring: A) 
(17a-hydroxy-r--------- PROGESTERONE latj on) )II 17 -HYDROXYPROGESTERONE 
11-DEOXYCORTICOSTERONE 
CORTICOSTERONE 
(Kendall's Compound B) 
(21-hydroxylation) 
17-HYDROXY-ll-DEOXYCORTICOSTERONE 
(11~-hydroxylation) 
17-HYDROXY-CORTICOSTERONE 
(Cortisol, Kendall's Compound F) 
Figure 3. Corticosteroidogenic Sequence 
12 
As will be noted in the sequence shown in Figure 3, the final 
reaction in the formation of cortisol or corticosterone is hydroxyla-
tion at C-11. The location of this step in the sequence was indicated 
by evidence that (a) once this group was introduced as in corticosterone, 
17-hydroxylation, to form cortisol, could not be achieved, and (b) 11~-
hydroxyprogesterone was not converted to corticosterone or cortisol in 
perfUsion experiments suggesting that 21-hydroxylation as well as 
20 17-hydroxylation must precede 11~-hydroxylation. 
Special attention has been given to the status of DOC and 11~-
hydroxyprogesterone since the obligatory nature of the sequence depends 
upon the above-mentioned findings with these steroids. Recent findings 
have introduced uncertainty regarding the sequence of reactions, since 
it has been reported that DOC is converted to cortisol. Secondly, the 
finding that 1~-hydroxyprogesterone is a major product of progesterone 
metabolism by adrenal mitochondria reopens the question of the status 
of this steroid in corticosteroidogenesis. A major portion of the 
present study is concerned with the resolution of these uncertainties. 
The detailed discussion of the evidence, pro and con, will be presented 
in context with the results of this study. 
20 
Hechter, 0. and Pincus, G. Genesis of Adrenocortical 
Secretion. Physiol. Rev. 34:459, 1954. 
13 
D. The Enzyme Systems of Corticoid Biosynthesis 
Considerable information is available concerning the requirements 
and location within the cell of the various enzyme systems which catalyze 
individual steps in the sequence of reactions involved in the conversion 
of cholesterol to the steroid hormones, cortisol and corticosterone. 
To prevent misinterpretation, it must be pointed out that few of the 
"enzymes" to be discussed have been purified to any appreciable extent, 
and none have been systematically characterized. The nomenclature in 
use in this field is admittedly one of convenience and the names used 
refer to the demonstrated functional capabilities of a particular cell 
fraction or preparation rather than to a single specific enzyme. 
In general, the methods employed in the study of adrenal enzym-
ology have followed a similar pattern, consisting of the evaluation of 
the ability of a subcellular fraction of adrenocortical homogenates, as 
obtained by differential centrifugation, to bring about the particular 
reaction under investigation. Usually, the process involves the de-
tection of the conversion of an exogenous steroid precursor to a steroid 
product which contains the molecular configuration being studied. For 
example, measurement of the change in corticosterone content of mito-
chondrial incubation containing 11-deoxycorticosterone as precursor is 
a favored technique for detecting 11~-hydroxylation. This type of analysis, 
within the limitations of the differential centrifugation technique, has 
permitted the localization of various enzyme activities with respect to 
the mitochondria, microsomes, or the soluble fraction of the adrenal 
cell, and has paved the way for the determination of cofactor and 
14 
substrate requirements of these enzyme systems. Table 1, Which is 
self-explanatory, is a summary of the literature on the enzymology of 
adrenal corticosteroidogenesis. The recent literature has simplified 
the picture of the essential cofactos involved in steroidogenesis with 
the finding that reduced triphosphopyridine nucleotide (TPNH) and 
molecular oxygen are the principal requirements for steroid hydroxy-
lation reactions. This fact has been demonstrated for hydroxylations 
in mammalian tissues and for a variety of 
t d h d 1 t . . . . 38 Th s eroi y roxy a ~ons ~n ~croorgan~sms. e necessity for the re-
mainder of the cofactozsand substrates shown in Table 1, aside from 
the 3~-ol-dehydrogenation, are now considered by many investigators to 
be systems which promote the formation of TPN or maintain TPN in a 
reduced state. Several proposals have been made regarding the mechanism 
by Which the adrenal achieves this formation of TPN or TPNH. The 
following have received some experimental support: (a) in the presence 
35 Ryan, K. J., and Engel, L. L. Hydroxylation of Steroids at 
Carbon 21. J. Biol. Chern. 225:103, 1957.. 
36 Hayano, M., Lindberg, M. C., Dorfman, R. I., Hancock, J.E.H., 
and Doering, W. von E. On t~e Mechani§m of the C-11~-Hydroxylation 
of Steroids ; A Study with H2o18 and 0~ • Arch. Biochem. and Biophys. 
59:529, 1955· 
37
sweat, M. L., and Lipscomb, M. D. A Transhydrogenase and 
Reduced TPN Involved in the Oxidation of Deoxycorticosterone to 
Corticosterone by Adrenal Tissue. J. Am . . Chern. Soc. 77:5185, 1955. 
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cf. Talalay , P. Enzymatic Mechanisms in Steroid Metabolism. 
Physiol. Rev. 37:362, 1957. 
TABLE 1 
ENZYMES INVOLVED IN THE STEP-WISE CONVERSION OF CHOLESTEROL TO CORTICOSTERONE AND CORTISOLj THE 
PROBABlE LOCATION OF THESE ENZYMES WITHIN THE ADRENAL CELLi AND COFACTORS 
OR SUBSTRATES STIMULA'l'ING THE REACTIONS 
..._ 
Steroid Steroid Cellular Stimulatory Term Assigned Cofactor or Reference 
to "Enzyme" Substrate Product Constituent Substrate 
Sidechain degrad- Pregnenolone 1 DPN, ATP 21 ing Cholesterol Soluble fraction 
Sideehain degrad-
Mitochondria 2 Fumarate, ing and 3t>-ol- Cholesterol Progesterone Mg* 22 dehydrogenase 
3t>-ol-Dehydrogen- Pregnenolone Progesterone 
ase 
Microsome a DPN 23 
17a-Hydroxy- Soluble fraction1 
ATP, DPN 24 
17a-Hydroxylase Progesterone progesterone Fumarate, 25 TPN 
Progesterone DOC 
soluble fraction1 ATP, DPN 24 21-Hydroxylase 17a-OH pro- 11-Deoxycor- (or TPN) 25 
gesterone tisol 
21-Hydroxylase 17a-OH pro- 11-Deoxycor- Microsomes TPNH 26, 27 gesterone tisoi 
- -
....... 
\Jl 
TABLE 1-Continued 
Term Assigned Steroid Steroid Cellular 
to "Enzyme u Substrate Product Constituent 
11-Deoxycorti- F Mitochondria3 
sol 
Various 11-De- Correspond- Homogena~e 
oxysteroiQ.s i ng llt3-0H residue products_ 
Q) Extracts of ace-
~ DOC B tone powder of homoge~te resi- . due 
i DOC B Mitochondria I 
<0.. 
r-1 
r-1 
DOC B Mitochondria 
ooc B Mitochondrial 11-Deoxycorti- F ~ ~utract5 
sol 
Stimulatory 
Cofactor or 
Substrate 
..... 
Fumarate, Mg;+ 
ATP,DPN 
TPN, 
Fumarate, 
Malate 
TPNH 
Members of citric 
acid cycle 
TPNH 
Reference 
28 
29 
30 
31, 32 
33 
34 
1-' 
0\ 
17 
Footnotes for TABLE 1 
1 
The term "soluble f'ra.ction" refers to the enzyme activity 
present in the supernatant, after removal of particulate material. 
2:_ 
The 3~-ol dehydrogenase content of this mitochondrial pre-
paration may have been due to microsomal adsorption, as shovm to occur 
by Beyer and Samuels23; also refer to the "mitochondrial complex" con-
cept on the following pages. 
3 
Preparation probably contained microsomes, as judged from 
centrifugation data. 
4 
Particulate nature of preparation not defined. 
5
contained two enzymes essential for 1~-hydroxylation, one of 
which is present in extra-adrenal tissue. 
Abbreviations : DPN, diphosphophyridine nucleotide; ATP, 
adenosine triphosphate; TPN, triphosphopyridine nucleotide; B, corti-
costerone; F, cortisol. 
18 
21 Staple, E., Lynn, w. s. Jr., and Gurin, s. An Enzymatic Cleavage 
of the Cholesterol Side-chain. J. Biol. Chern. 219:845, 1956. 
22
saba, N., and Hechter, 0. Cholesterol-4-c14 Metabolism in Adrenal 
Homogenates. Federation Proc. 14:775, 1955. 
23Beyer, K. F., and Samuels, L. T. Distribution of Steroid-3~-ol 
Dehydrogenase in Cellular Structures of the Adrenal Gland. J. Biol. Chern. 
219:69, 1956. 
24 
Plager, J, E., and Samuels, L. T. The Conversion of Progesterone 
to 17-Hydroxydeoxycorticosterone by Fractionated Beef Adrenal Homogenates. 
J. Biol. Chern. 211:21, 1954. 
25 Hayano, M., Saba, N., Dorfman, R. I.,and Hechter, 0. Some Aspects 
of the Biogenesis of Adrenal Steroid Hormones. Recent Progr. Hormone 
Research 12:79, 1956. 
26 
Ryan, K. J., and Engel, L. L. Steroid 21-Hydroxylation by Adrenal 
Microsomes and Reduced Triphosphopyridinenucleotide. J. Am. Chern. Soc. 78: 
2654, 1956. 
27 
Ryan, K. J., and Engel, L. L. Hydroxylation of Steroids at 
Carbon 21. J. Biol. Chern. 225:103, 1957. 
28
sweat, M. L. Enzymatic Synthesis of 17-Hydroxycorticosterone. 
J. Am. Chern. Soc. 73:4o56, 1951. 
29 Hayano, M., and Dorfman, R. I. The Enzymatic C-11~-Hydroxylation of 
Steroids. J. Biol. Chern. 201:175, 1953. 
30 Hayano, M., and Dorfman, R. I. On the Mechanism of C-1~-Hydroxy-
lation of Steroids. J. Biol. Chern. 211:227, 1954. 
31Grant, J. K., and Brownie, A. c. The Role of Fumarate and TPN in 
Steroid Enzymic 1~-Hydroxyl!'l-tion. Biochim. and Biophy. Acta 18:433, 1955. 
32 Sweat, M. L., and Lipscomb, M. D. A Transhydrogenase and Reduced 
TPN involved in the Oxidation of Deoxycorticosterone to Corticosterone by 
Adrenal Tissue. · J. Am. Chern. Soc. 77:5185, 1955. 
33Brow.nie, A. c., and Grant, J. K. Factors Influencing the Enzymic 
11~-Hydroxylation of 11-Deoxycorticosterone. Biochem. J. 57:255, 1954. 
34Tomkins, G. M., Michael, P. J,, and Curran, J. F. Studies on the 
Nature of Steroid 11~-Hydroxylation. Biochim. and Biophy. Acta 23:655, 1957. 
19 
of magnesium ions, adenosine triphosphate (ATP) phosphorylates diphos-
i9,40 ( ) phopyridine nucleotide (DPN) to form TPNI ; b fumarate is hydrated 
to form malate in the citric acid cycle, then TPN-malic dehydrogenase 
. 41 
may act on malate forming pyruvate and reduced TPN ; (c) the malate, 
formed from fUmarate, is converted to oxaloacetate reducing DPN, which 
in turn can transfer hydrogen to TPN with the aid of a transhydrogen-
ase42; (d) glucose-6-phosphate stimulates corticosteroidogenesis in 
homogenates of adrenocortical tissue, presumably by the formation of 
TPNH via the monophosphate shunt. 42 , 43 
The diverse intracellular locations of the enzyme systems 
responsible for the various steps of corticosteroidogenesis introduce 
a conceptual difficulty in any attempt to explain corticoid synthesis 
at the molecular level. Any hypothesis must consider the means by 
which the substrate molecule, beginning as cholesterol, is successively 
exposed to the action of enzymes located in different parts of the cell. 
39 Kornberg, A. Phosphorus Metabolism, eds. W. D. McElroy and 
B. Gl ass (Baltimore: John Hopkins Press, 1951), I, 392. 
40 
Hayano, M., and Dorfman, R. I. J, Biol. Chern. 211:227, 1954. 
41 
Grant, J, K., and Brownie, A. C. Biochim. and Biophy. Acta 
18:433, 1955· 
42 Sweat, M. L., and Lipscomb, M.D. J. Am. Chern. Soc. 77: 
5185, 1955· 
43 Haynes, R. c. Jr., and Berthet, L. Studies on the Mechanism 
of Action of the Adrenocorticotrophic Hormone. J, Biol. Chern. 225: 
115, 1957· 
In addition, the theory must rationalize the strong indications that 
the various reactions of corticoid formation occur in a definite se-
quence. The obligatory nature of this sequence was suggested by 
44,45 previous work , and will be conclusively demonstrated as a con-
sequence of the present investigation. In cognizance of the above 
46,47 
considerations, it has been proposed that in the intact adreno-
20 
cortical cell, the various extra-mitochondrial enzymes may be adsorbed 
onto a mitochondrial surface in a specific spatial orientation, and 
that the resulting complex of enzymes is the active site of cortico-
steroidogenesis. This concept obviates the necessity of hypothesizing 
a continual shuttling of substrates from one site in the cell to another , 
and provides a reasonable basis for the sequential order of hydroxyla-
tions in the corticosteroidogenic sequence. In addition, the proposal 
associates the entire sequence with the site of energy-yieldi ng oxida-
tive and phosphorylation reactions--the mitochondria. 
The foregoing discussion of the "mitochondrial complex" 
hypothesis rna~ coincidentally, also account for certain of the 
44 Hechter, 0. , and Pincus, G. Physiol. Rev. 34:459, 1954. 
45 Hechter, 0. Biogenesis of Adrenal Cortical Hormones. Ciba 
Foundation Colloquia on Endocrinology, ed. w. Klyne (London: J. and A. 
Churchill Ltd., 1953), VII, 161. 
46
saba, N., and Hechter, 0. Cholesterol-4-c14 Metabolism in 
Adrenal Homogenates. Federation Proc. 14:775, 1955. 
47 Hayano., M., Saba, N., Dorfman, R. I., and Hechter, O. 
Recent Progr. Hormone Research 12:79, 1956. 
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discrepancies which appear in Table 1 in regard to the localization 
within the cell of the various hydroxylating enzymes. However, i t 
must be emphasized that many of the studies cited were primarily con-
cerned with obtaining active enzyme fractions so that essential require-
ments could be established, rather than to define enzymatic localiza-
tion in terms of subcellular structures. Since specific precautions 
are required in obtaining a satisfactorily homogeneous preparation 
of subcellular fractions, as emphasized by deDuve and Berthet48 , some 
of t he data given in Table 1 regarding enzyme localization within the 
cell may not be accepted as definitive. 
48de Duve, Chr., and Berthet, J. The Use of Differential 
CentrifUgation in the Study of Tissue Enzymes. International Review 
of Cytology, ed. G. H. Bourne and J. F. Danielli (New York: Academic 
Press, Inc, 1954), III, 225. 
E. Control of Adrenal Steroid Production by 
Adrenocorticotrophic Hormone 
22 
The effect of ACTH to increase corticosteroid production without 
alteration of pattern has been observed in every mammaJian species which 
has been studied both in vitro as well as in vivo. Comparison of the 
magnitude of the increase in corticoid production produced by ACTH under 
in vivo conditions with the available in vitro data reveals certain in-
teresting differences. Administration of ACTH to a hypophysectomized dog 
. 49 increases the rate of corticosteroid production about seven- to tenfold. 
The effect of ACTH as evaluated by comparison of the secretion rate of 
normal and hypophysectomized animals is of a similar range of magnitude 
in dogs49,50 and rats~1 In vitro, ACTH addition to isolated cow~2cat 
and ferret49 adrenals perfuse~ with blood leads to a ten- to twentyfold 
increase of the corticosteroid production rate. 
49 
Farrell, G. L., Rauschkolb, E. w., and Royce, P. c. Secretion 
of Aldosterone by Adrenal of the Dog. Effects of Hypophysectomy and ACTH. 
Am. J. Physiol. 182:269, 1955. 
50 
Bush, I. E. Species Differences and other Factors Influencing 
Adrenocortical Secretion. Ciba Colloq. Endocrinol. 1:210, 1953. 
51 
Singer, B., and Stack-Dunne, M. P. The Secretion of Aldoster-
one and Corticosterone by the Rat Adrenal. J. Endocrinol. 12:130, 1955. 
52 
Macchi, I. A., and Hechter, o. Studies of ACTH Action upon 
Perfused Bovine Adrenals: Corticosteroid Biosynthesis in Isolated Glands 
Maximally Stimulated with ACTH. Endocrinol. 55:387, 1954. 
23 
When the in vitro system is fUrther simplified, however, as in 
tissue slices incubated in Ringer solution, it is found with cow53 and 
rat tissue54,55 that the response to ACTH is considerably reduced. 
ACTH in these cases increases the rate of corticosteroid production 
only two to four times. Associated with this diminished responsivity 
to ACTH in tissue slices there is a marked increase in the concentration 
of ACTH requisite to produce maximal stimulation of corticosteroido-
genesis; the minimal concentration necessary to produce maximal stimula-
56 
tion in the perfused cow adrenal is about 0.1 I.U. per liter; in cow 
slices53 this concentration is greater than 40 I.U. per liter. The 
basis for these differences between perfusion experiments With intact 
glands, on the one hand, and tissue slice experiments, on the other, 
is not known. It is possible that this may be merely a reflection of 
the stability and diffusion rate of ACTH under different in vitro 
conditions. On the other hand, these quantitative differences in ACT.H 
action may be an expression of organizational differences at the cellu-
lar and organ levels. 
53 Haynes, R., Savard, K., and Dorfman, R. I. 
Adrenocorticotropic Hormone on Beef Adrenal Slices. 
207:925, 1954. 
The Action of 
J. Biol. Chem. 
54 . Saff'ran, M., Grad, B., and Bayliss, M. J. Production of 
Corticoids by Rat Adrenals in vitro. Endocrinol. 50:639, 1953. 
55Koritz, s. B., and Peron, F. G. Studies on the Mode of Action 
of the Adrenocorticotropic Hormone. J. Biol. Chem. 230:343, 1958. 
56 Macchi, I. A., and Hechter, o. Studies of ACTH Action upon 
Perfused Bovine Adrenals: Mdnimal ACTH Concentration Requisite for 
Maximal Glandular Response. Endocrinol. 55:426, 1954. 
Whatever the explanation concerning the differences in ACTH 
studied in tissue systems at different levels of complexity, it is 
known that when cellular organization is completely disrupted, as in 
cell-free hamogenates, there is complete unresponsiveness to ACTH, 
although corticosteroids are synthesized in such systems57,5B,59; 
even freezing and thawing the adrenals suffices to abolish the re-
sponsiveness of slices to ACT.H. 53 The single report that ACT.H 
60 increases corticoid biosynthesis in homogenates of rabbit adrenals 
has not been confirmed, nor does it offer any explanation for the 
24 
negative findings of other workers. These observations, taken together, 
indicate that ACTH action to increase the rate of corticosteroid pro-
duction may be dependent on the integrity of the biosynthetic sequence 
at a cellular level. 
57 Macchi, I. A., and Hechter, o. Lack of Influence of ACTH 
upon Corticosteroid Biosynthesis in Cow Adrenal Homogenates. Arch. 
Biochem. and Biophys. 53:305, 1954. 
58 Reich, E., and Lehninger, A. L. 
to Corticosteroids in Adrenal Homogenates. 
l7:136, 1955· 
Conversion of Cholesterol 
Biochim. et Biophys. Acta 
59 II Schonbaum, E. The Formation of Adrenocortical Hormones by 
Cell-free Systems. Rev. Canad. Biol. 13:495, l954. 
60 
Rosenkrantz, H. The Influence of ACTH on Adrenal Homogenates 
in Normal and Vitamin-E Deficient Rabbits. J. Clin. Endocrinol. and 
Metabolism l6:959, 1956 • . 
CHAPTER II 
METHODS 
With few exceptions, the methods to be described are concerned 
with the evaluation of corticosteroids produced in vitro by prepara-
tions of adrenocortical tissue. In the experimental studies designed 
to elucidate the roles of 11-deoxycorticosterone and 11~-hydroxy-
progesterone as intermediates in corticosteroidogenesis, homogenates of 
adrenocortical tissue were employed using tracer amounts of these 
steroids labeled with Carbon-14. The degree of incorporation of these 
steroids into the cortisol and corticosterone formed was measured 
relative to that of a known intermediary, c14-progesterone. In the 
experiments concerned with factors influencing corticoid synthesis, 
small clumps and slices of adrenocortical tissue were incubated in 
artificial media under a variety of conditions and the effect of these 
variables determined by evaluating the corticoid production from en-
dogenous precursors. The methodology of both types of studies is 
similar in certain respects in that (1) corticosteroids were extracted 
from the incubation mixtures with organic solvents, (2) these lipide 
extracts were fractionated to separate the corticosteroids from other 
lipide components, and (3) the amounts and nature of these corticoid 
products were determined. The details of these procedures follow. For 
clarity, the methodology employed in the homogenate studies will be 
first presented, followed by the description of procedures used in the 
studies on cell-clumps and slices. 
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A. Methodology Employed in the Homogenate Studies 
1. Procurement of Tissue 
Adrenal glands of mature cows were obtained at local abattoirs 
as soon as possible after slaughter (10-20 minutes). After removal of 
periadrenal fat, the glands were stored in ice-cold saline or Krebs-
Ringer solution for transport to the laboratory. (Total time interval: 
1-3 hours, depending upon amount of tissue desired.) It is known that 
adrenal tissue obtained at slaughter shows signs of change as deter-
mined by electron microscopy. 1 For example, the mitochondria assume a 
globular, vacuolated appearance in contrast to the cristae-filled 
elongated shapes Which are seen in the freshest tissue; also, the 
nuclei and all other structures show degenerative changes. Despite 
these morphological changes, such tissue produces corticoids, consumes 
oxygen, and studies indicate that, during perfusion at least, the above-
mentioned alterations of microscopic structure are reversible. 
2. Preparation of Cell-free Adrenocortical 
Homogenates 
Bovine adrenal cortices (cow only) were reduced to a hamburger-
like mince by chopping on a glass plate, and homogenized in a loose-
fitting, all-glass Pot ter-Elvehjem apparatus, using 10 grams of the 
mince to 40 milliliters of medium. After filtering out the connective 
tissue by means of 2 layers of 48/cm. nylon screening, the homogenate 
1 
Luft, J., and Hechter, 0. An Electron Microscopic Correlation 
of Structure with Function in the Isolated Perfused Cow Adrenal, Pre-
liminary Observations. J. Biophysic. and Biochem. Cytol. }:615, 1957. 
was ready for use. All operations were carried out in the cold. The 
media employed will be discussed in the next section. 
The homogenization of tissue in this manner disrupts the cell 
membranes and releases the organelles and particulate matter of the 
cell to the medium. However, these homogenates are capable of con-
tinuing certain functions of the intact tissue. For example, all of 
the reactions involved in the conversion of cholesterol to the corti-
costeroids, cortisol and corticosterone have been shown to occur in 
adrenal homogenates~'3' 4 
3. Media Employed in Homogenate Studies 
4 
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Previous work in this laboratory by Saba and Hechter has shown 
that homogenates prepared in a hypotonic sucrose medium, fortified with 
certain cofactors, produces corticoids from endogenous precursors and 
permits the conversion of c14-cholesterol to cortisol and corticosterone. 
The author has employed this medium in the homogenate incubations, and 
its composition is described below. 
0.025 M 
0.0067 M 
0.005 M 
Sucrose (hypotonic) 
Sorensen's Phosphate buffer (pH 7.2) 
2 Hechter, o. Biogenesis of Adrenal Cortical Hormones. Ciba 
Foundation Colloquia on Endocrinology , ed. W. Klyne (London: J.-and A. 
Churchill, Ltd., 1953) , VII, 161. 
3Saba, N. , Hechte~ ~ ·0 . , Stone, D. The Conversion of Cholesterol 
to Pregnenolone in Bovine Adrenal Homogenates. J. Am. Chern. Soc. 76: 
3862, 1954. 
4 Saba, N., and Hechter, 0. Federation Proc. 14:775, 1955. 
0.005 M 
0.005 M 
0.001 M 
0.0005 M 
Niacinamide 
Sodium fumarate 
Adenosine Triphosphate (ATP) 
Diphosphopyridine Nucleotide (DPN) 
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The ATP and DPN are dissolved in 10-20 milliliters of medium and added 
after tissue had been homogenized in the other constituents of the 
medium. 
The follo~ng reagents were used: 
ATP: disodium salt, obtained from Nutritional Biochemicals 
Corporation, Cleveland, Ohioj 99 per cent of the organic 
phosphate stated to be ATP. Processed for removal of 
inhibitors. 
DPN: chromatographically pure; obtained from Nutritional 
Biochemicals Corporation. 
Sodium fumarate: obtained by neutralizing fumaric acid with 
NaOH or KOH (checking in The Beckman, Model N, pH meter) . 
In the studies on homogenates which are reported as part of the 
present work, it was desirable to test the possibility that other media 
might better promote the reactions under consideration. Therefore, two 
modifications of the above medium were also employed, which were identi-
cal to each other and to the above sucrose medium with the exceptions 
that the major constitutents were either NaCl or KCl in isotonic con-
centrations, instead of sucrose at hypotonic levels. Thus , three media 
were employed in which the major constituents were as follows: 
(1) 0.025 Molar Sucrose 
( 2) 0 .1-54 Molar NaCl 
(3) 0.154 Molar KCl 
4. Conditions of Incubation 
All incubations were for 2 hours at 38° C., with oxygen as the 
gas phase, and with continuous shaking. 
30 
In all the homogenate work , the ratio of tissue to medium was 
constant at: tissue derived from one gram of adrenal cortex per 4 
milliliters of media. The total amounts of tissue used varied with 
the different experiments and will be given in the description of the 
individual studies. In all cases precautions were taken to insure 
that all the samples within any one experiment contained a representa-
tive and equal portion of the same pool of adrenal cortical tissue. 
5. Radiotracer Methodology 
The use of compounds labeled with radioactive atoms has become 
a major weapon in the attack on the mysteries of metabolism. Such 
compounds serve as a means of tracing the enzymatic conversion of a 
suitably labeled molecule since the newly-formed product retains the 
radioactivity, which can be easily detected and measured by a suitable 
radiation counter. The isotope used in the present studies, carbon-14 
(c14), has a half-life of over 5,000 years and the rate of disintegra-
tion may be ignored in these experiments. 
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One of the modern methods of measuring radioactivity depends 
upon the increase in the conductivity of a gas in an electric field 
which is caused by the ionization of this gas when bombarded by sub-
atomic particl es. In the present work, the "At omic Scaler Model 1030A'' 
was used for all measurements of radioactivity. 
It was necessary to locate radioactive zones on the paper 
chromatograms (to be described). For this purpose, a calibrated end-
window counting chamber permits the successive counting of small areas 
of the continuous strip of paper, and thus precisely locates and 
roughly quantitates the radioactive content of the steroid which has 
been chromatographed, even before it has been eluted. 
All other measurements of radioactivity were accomplished by 
dissolving the steroid in a volatile solvent {ethyl acetate and/or 
methanol) and pipetting an appropriate aliquot slowly onto a warmed 
aluminum disk {planchette), permitting evaporation of the solvent, 
and leaving an extremely thin layer of steroid (less than 15 ug. of 
steroids were applied). This method of application, "at infinite 
thinness", reduces self-absorption to a minimal and reproducible value, 
which is hence ignored. These planchettes were then counted in a 
"Nuclear" windowless, flow-gas chamber. The results are expressed as 
number of counts per minute. The term "specific activity" is used to 
express the counts per minute per unit of weight. 
It might be mentioned that the geometry of the above method of 
counting is such that only about 50 per cent of the disintegrati ons 
will be recorded. For example, a microcurie is the amount of radio-
active material which disintegrates at the rate of 2.2 x 106 
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atoms/minute. Using the techniques described above, one microcurie will 
give a count of roughly 1.2 x 106 counts/minute, or 54 per cent of the 
number of disintegrations actually occurring. 
6. Sources and Methods of Purification of 
the Radioactive Compounds Employed 
It could not be assumed that the compounds as received were 
radiochemically homogeneous, that is, contamination by radioactive com-
pounds of closely-related structure is possible, and the following 
measures were taken to insure that all the radioactivity of the sample 
'WB.S contained in the desired compound. 
14 (a) lJ.I3-Hydroxyprogesterone-4-c was obtained from Dr. Harold 
Levy of the Worcester Foundation, and was a product of the conversion 
of progesterone-4-c14 by blood-perfused cow adrenals. The 1.1.43-hydroxy-
progesterone was isolated from the neutral fraction of an isopropyl 
acetate extract (of the blood) by adsorption chromatography on silica 
. . 0 
gel, and twice crystallized to a melting point of 185-187 c. The 
solid film infrared absorptioD curve was identical to that of an authen-
tic sample of lJ.43-hydroxyprogesterone. The sample was then chromato-
graphed on paper (ligroin-toluene 1:1/propylene glycol), and the l.ll3-
hydroxyprogesterone zone was subsequently rechromatographed on a 
20 gram silica gel column using benzene-ethyl acetate (10:1) as eluant 
(20 ml. fractions). The fractions corresponding to the resulting sharp 
symmetrical peak of radioactivity were combined and considered to 
represent radiochemically pure l.ll3-hydroxyprogesterone. The final 
6 
specific activity was 1.55 x 10 counts/minute/mg. 
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NOTE: The methods of chromatography Will be described in the next 
section. 
14 14 (b) ll-Deoxycorticosterone-21-C (DOC-21-C ) was obtained from 
Dr. R. D. H. Heard as the C-21-monoacetate, and was first chromatographed 
in this form (toluene-hexane (l:l)/propylene glycol). The DOCA zone was 
eluted, saponified, and the free DOC was chromatographed on paper in 
toluene/propylene glycol. The DOC zone was eluted and rechramatographed 
on a 5 gram silica .. gel column, using benzene-ethyl acetate (10:1) as 
eluant. A sharp symmetrical peak of radioactivity was obtained With 
this solvent, which elutes DOC slowly. The eluates corresponding to 
the peak fractions were combined, and were taken to represent pure DOC, 
6 
With a specific activity of 1. 55 x 10 counts/minute/mg. 
14 14 {c) Progesterone (4-c or 21-C ) was paper chromatographed on 
a ligroin/propylene glycol system (Za:ffaroni). The progesterone zone 
was subsequently rechrana.tographed on a 13 gram silica gel column using 
benzene/ethyl acetate (20:1) as eluant. This solvent elutes progester-
one very slowly. Ten ml. fractions were counted and graphed, giving a 
sharp symmetrical peak of radioactivity. The eluates corresponding to 
the peak fractions were combined and brought to the solvent-free state 
by reduced pressure distillation at 45° c. The resultant progesterone 
was taken to be radiochemically homogeDB:'lus, with a specific activity 
of 1.60 x 106 counts/minute/mg. 
7• Methods Involved in the Estimation of 
Corticosteroid Production 
(a) Extraction of Lipides from Homogenates. Immediately after 
incubation, three volumes of acetone were added to stop the reaction, 
p~ecipitate the proteins, and begin the extraction. After thorough 
agitation, the solids were allowed to settle, and the acetone-water 
phase was decanted through glass wool filters. A second addition, 
and removal, of acetone virtually completed the dehydration and ex-
traction of the solids, which were, however, extracted twice more with 
ethyl acetate to insure maximal removal of lipide components. The 
combined filtrate was reduced to the water phase by reduced pressure 
. 4 0 distillation under nitrogen at temperatures below 5 C. The aqueous 
phase was then extracted three times with double volumes of ethyl 
acetate. Distillation again removed the solvent and yielded a crude 
syrup containing the corticosteroids contaminated by phospholipides, 
fatty acids, cholesterol, and other lipides. The bulk of phospho-
lipides was precipitated from a war.m acetone solution of the extract 
by the addition of alcoholic Mgel2 and chilling. This precipitate, 
containing little or no radioactivity, was removed by filtration. 
The completeness of extraction was easily followed in the 
homogenate work by checking the radioactive content at appropriate 
points. 
(b) Chromatography, General Considerations. Methods of chroma-
tography per.mit the isolation of corticosteroids from lipide contami-
nants, and the separation of steroids of closely-related structure 
from each other, without resort to chemical techniques which might 
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alter the structure. In addition, the behavior of' the isolated com-
pounds in a known chromatographic system provides information about 
their identity. 
The two methods of' chromatography used in this work--silica gel 
columns and paper--utilize, mainly, the principles of' adsorption and 
partitioning, respectively. Silica gel is a partially dehydrated con-
densation product of' silicic acid (5-7 per cent H20), and possesses 
an enormous surface area per unit of' mass. The first application of 
silica gel column chromatography for the purpose utilized in the 
present study was described by Levy et al. 5 In this method, silica 
gel in a benzene slurry is packed into a glass column, after which the 
lipide-containing extract dissolved in benzene is transferred to the 
top of' the column, and a series of' progressively more-polar solvents 
is passed through by gravity flow. The rate of movement of' the differ-
ent components of' the extract varies with the polarity of' that compon-
ent relative to the polarity of the solvent being used. When it is 
necessary to remove trace contaminants from a fairly pure steroid, a 
single solvent, or mixture of solvents, is chosen which will elute the 
steroid at a very slow rate. Fractions o~ the eluate are taken at 
close intervals and analyzed separately. When these values are graphed, 
the fractions corresponding to the peak are taken to contain the 
steroid free of contaminants. 
5 Levy, H., Jeanloz, R. w., Marshall, c. w., Jacobsen, R. P., 
Hechter, o., Schenker, V., and Pincus, G. ·Chemical . Transformations of 
Steroids by Adrenal Perfusion. J. Biol. Chem. 203~433, 1953· 
Paper chromatography o£ corticosteroids, introduced by Burton, 
Zaffaroni, and Keutmann 
6
' 
1
, has become a basic tool o£ workers in this 
field. In this method, a descending system of paper chromatography is 
employed in the following manner. The steroid mixture is taken up in 
a minimal volume of solvent (methanol-chloroform mixture) and applied 
in a narrow band to the upper end of a strip of paper which has pre-
viously been impregnated with a relatively non-volatile polar solvent 
called the "stationary phase", which may be either formamid.e or 
propylene glycol. A stream of air or nitrogen is directed at the point 
of application to hasten evaporation of the methanol-chloroform and to 
limit the band width. The upper end of the paper strip is then draped 
over a glass plate and immersed in a pan containing the mobile phase 
of sol vent. The arrangement permits the mobile phase to feed onto the 
paper (by capillary action), pass over the steroid mixture, descend 
the paper, and drip off the end into a receiver. This process, called 
the development of the chromatogram, is carried out at 68-70° F. in a 
closed glass chamber saturated with the vapor of the mobile phase. In 
the present work, in order of increasing polarity, the mobile phase 
was either ligroin, toluene-ligroin mixtures, toluene, or chloroform. 
These organic solvents are saturated with the appropriate stationary 
phase before use. The paper (Whatma.n No. 1, specific for chromatography) 
is prepared for use by washing for two days with methanol-benzene {l:l) 
6 
Burton, R. B., zaffaroni, A., and Keutma.nn, E. H. Paper 
Chromatography of Steroids, II. Corticosteroids and Related Compounds. 
J. Biol. Chem. 188:763, 1951. 
7
zaffaroni, A., and Burton, R. B. Identification of Cortico-
steroids of Beef Adrenal Extract by Paper Chromatography. J. Biol. 
Chem. 193:749, 1951. 
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in a soxhlet apparatus. The paper is impregnated with the stationary 
phase by dipping quickly through a 1:1 mixture of the stationary phase 
and methanol and blotting off the excess solvent. All solvents are 
redistilled before use. 
The rate of movement of' the steroids do'Wll the paper (mobility) 
depends upon their polarity relative to that of' the stationary and 
mobile phases. The pGlari ty of' steroids is related to the nature of' 
the side-chain, the number and position of hydroxyl and carbonyl groups, 
the degree of unsaturation, and steric factors. Zaf'faroni 8 and Savard9 
have discussed the effects of' these structural factors on chromato-
graphic mobility. With respect to the steroids considered in this work, 
the following list is in order of' increasing polarity: cholesterol, 
progesterone, DOC, llf3-hydroxyprogesterone, corticosterone, and cortisol. 
The monoacetates move faster than the corresponding alcoholic for.m. 
(c) Chromatography of extracts of homogenates. A:rter the phos-
pholipides were partially removed by acetone-MgC12 precipitation in the 
cold, the extract was transferred to 5 gram silica gel columns and 
eluted with the following solvents: benzene (25 ml.); benzene-ethyl 
acetate, 9:1 (75 ml.); 1:1 (25 ml.), and 1:2 (50 ml.); 100 per cent 
ethyl acetate (25 ml. ); and methanol (50 ml. ). The corticosteroids and 
about 75 per cent of the radioactivity were contained in the benzene-
ethyl acetate (1:1) and (1:2), and 100 per cent ethyl acetate fractions, 
8 Zaf'f'aroni, A. Micromethods for the Analysis of' Adrenocortical 
Steroids. Recent Progr. Hormone Research ~:51, ],953. 
9Savard, K. · Paper Partition Chromatography of' c19- and c21-
Ketosteroids. J. Biol. Chem. 202:457, 1953. 
which were combined and subjected to the following paper chromatographic 
techniques (reviewed by ZS.ffaroni 10) in order to isolate the cortisol 
and corticosterone. 
The partially purified extracts were applied to formamide im-
pregnated papers 32 em. long and developed for 16-18 hours in a ligroin 
saturated chamber, using cortisol as a reference standard on a pilot 
limb. These papergrams were then air-dried to remove ligroin, trans-
ferred to a chloroform chamber, and developed for an additional 6-8 
hours. Under these conditions of chromatography, the ligroin develop-
ment removes progesterone and all less polar compounds, the chloroform 
development moves cortisol about 15 em. from the starting line, and 
cortisone and less polar compounds move off the paper. The CHcl3 over-
flows were reapplied to propylene glycol impregnated papers, using 
corticosterone as a reference standard on a pilot limb, and developed 
in a toluene chamber for 7-8 hours. The resultant paper chromatogram 
retains compounds of polarity equivalent to cortisone near the starting 
line and corticosterone moves about 15 em. from the starting line. 
The location of the steroids on the paper chromatographs was 
accomplished by ultraviolet scanning, and by reacting 0.2 em. test 
strips from the sides with (a) triphenyltetrazolium chloride, (b) lO 
per cent NaOH, and (c) concentrated sulfUric acid (see next section). 
The precise location of radioactive zones on the papers was made possi-
ble by the special calibrated end-window cou.ilting chamber, as described 
lO ZS.ffaroni, A. Micromethods for the Analysis of Adrenocortical 
Steroids. Recent Progr. Hormone Research ~:51, 1953· 
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previously. In all cases, the location of all the above color-reacting, 
fluorescing, and radioactive zones coincided with the ultraviolet ab-
sorbing zones and exhibited mobilities corresponding to either cortisol 
or corticosterone, respectively. These zones were eluted by cutting 
out the paper containing each steroid zone, dividing it into small 
squares, and extracting the steroid from the paper pieces with three 
changes of solvent {methanol, ethyl acetate and chloroform mixture). 
The solventsw.re filtered through a sintered-glass funnel to remove 
paper particles. To recover the steroids, the solvents~e evaporated 
. 0 
off at temperatures below 45 c. under a stream of nitrogen. 
In all of the homogenate experiments, the monoacetate derivatives 
of the recovered cortisol and corticosterone were prepared and chroma-
tographed as follows: the acetates of those compounds which in the 
free state exhibited mobilities corresponding to cortisol were developed ' 
in a toluene:propylene glycol system for 18 hours; those originally 
exhibiting mobilities corresponding to corticosterone were developed in 
a toluene-ligroin {1:1)/propylene glycol system for 8 hours. In both 
cases the acetylated compounds traveled about 15 em. from the starting 
line, which was closely comparable to the movements of authentic corti-
costerone acetate and cortisol acetate on pilot limbs. These zones, 
which were located by the above-mentioned strip tests, were separately 
eluted and rechramatographed in the same systems. After a repetition 
of the spot tests, the steroids were again eluted for quantitation and 
measurement of radioactive content. In certain cases, other deriva-
tives were also prepared; these will be discussed in connection with 
4o 
the individual experiments. The formation and chromatography of de-
ri vati ves is an essential step in the purification of the corticosteroids, 
since the chromatographic mobilities of derivatives differs greatly 
from the free steroids on the first chromatograms. The methods of de-
rivative preparation are discussed in a subsequent section. 
The methods described provide a high degree of assurance tha.t 
the productsaf isolation are corticosterone and cortisol of good purity. 
(d) Methods of Locating Steroids on Chromatograms. The various 
tests used to locate steroids on the chromatographic strip also provide 
evidence concerning the structure of the steroids; since each of the 
reactions depends upon the presence in the steroid molecule of a cer-
tain structural group. The techniques and specificities of the re-
actions are presented below. 
i). Ultraviolet light absorption. Steroids possessing a 
A4-3 ketone -group exhibit a strong absorption at 238-242 millimicrons. 
When a dried chromatogram is viewed in ultraviolet light of this wave 
length, any zone of steroid possessing this grouping will appear darker 
than the adjacent areas. Since corticosterone and cortisol, as well 
4 
as other corticosteroids and progesterone, possess a A -3 ketone group, 
the first step in locating these compounds is easily accomplished. As 
little as 5 micrograms steroid per square centimeter is easily detected; 
photographic methods are even more sensitive. Unfortunately, many 
other substances, which may be extracted from adrenal tiss.ue, absorb 
ultraviolet light at or near this wave length. 
ii). "Soda fluorescence" and triphenyl tetrazolium chloride 
(TPIZ) reactions. A 2 mm. strip of paper, cut from the edge of the 
dried chromatogram, is laid on a glass plate and saturated with the 
reagents, which are applied from a pipette. In the original descrip-
tion of the soda fluorescence and TPTZ tests, dipping or spraying of 
the strip was recommended; the use of the glass plate permits better 
management and in some cases increases the sensitivity. Although 
41 
11 12 these two reactions may be done sepa~tely ' , the method suggested 
by Bush l3 of combining the reagents and running both tests on one strip 
of paper has been used in this work. Just before use a 0.1 per cent 
solution of TPTZ (2,3,5-triphenyltetrazolium chloride, Dajac) in 10 
per cent NaOH is prepared. This reagent is applied to the paper strip 
as described. Within 1 to 2 minutes, a pink color will appear if a 
steroid possessing an a-ketol group is present. These zones are marked, 
and the glass plate containing the strips is heated in still air at 
60-90° c. until the strips are dry. If the zone contains a steroid 
. possessing the D. 4-3 ketone grouping, a yellow fluorescence is seen in 
ultraviolet light (wave length: about 360 millimicrons), which is 
accentuated by viewing through a filter such as Wood's glass which 
absorbs light below 700 millimicrons. 
ll Bush, I. E. Methods of Paper Chromatography of' Steroids 
Applicable to the Study of Steroi~ in MSmmaJian Blood and Tissues. 
Biochem. J. 50:370, 1952. 
12 -
Burton, R. B., Zaffaroni, A., and Keutma.nn, E. H. Paper 
Chromatography of Steroids, II. Corticosteroids and Related Compounds. 
J. Biol. Chem • . 188:763, 1951. 
13
nescribed ·by I. E. Bush in discussion of: ZS.f'faroni, A. Micro-
methods for the Analysis of Adrenocortical Steroids. Recent Progr. 
Hormone Research ~:51, 1953. 
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The TPIZ test "seems to be quite specific for a primary a-k.etol 
group". 14 Zaffaroni tes~ed steroids having the following groups : 
(l) 21-hydroxy-20-k.etone; (2) 17 ,21-dihydroxy-20-k.etone; (3) 17-
hydroxy-20-k.etone; ( 4) 17,20, 21-trihydroxy; ( 5) ll-hydroxy-12-k.etone; 
(6} 2-hydroxy-3-k.etone; (7) 2-hydroxy-A 4 -3-k.et~ne; and (8} 6-hydroxy-
64-3-ketone. Only compounds possessing groups l and 2 gave a positive 
test. Ring ketols did not react. The lower. limit-·of sensitivity of 
. . 2 
the TPl'Z test is about 3 micrograms/em • 
The "soda fluorescence" test is stated to be highly specific 
4 . 15 ' 
for the A -3-ketone group in terms of all substances likely to be 
fotmd in neutral lipide extracts of blood, tissues, and urine. Bush15 
4 
reports that all A - 3-k.etosteroids gave the yellow fluorescence in 
ultraviolet light, whereas the :rollowing did not: A1 -3-ketones, 
l 4 1,4,6 4,6 9(11) A ' -3-k.etones, t:i -3-k.etones, A -3-k.etones, A -12-ketones, 
616_20-ketones, 68(9}_7-ketones, andA5-7-ketones. The NaOH fluores-
. 2 
cence test is sensitive to l microgram/em • 
iii). Concentrated sulfuric acid test.16 The test strip, Which 
has been laid on a glass plate, is carefully saturated with concen-
trated "chemically pure'' sulfuric acid {a line of acid is applied from 
a pipette). In l to 2 minutes; the following compounds will develop a 
14
zaffaroni, A. Micromethods for the Analysis of Adrenocortical 
Steroids. Recent Progr. Hormone Research ~:51, 1953. 
15Bush, I. E. The Possibilities and Limitations of Paper 
Chromatography as a Method of Steroid Analysis. Recent Progr. Hormone 
Research 2_:321, 1954. 
16
za:rfaroni, A., Burton, R. B. Identification of Corticosteroids 
of Beef Adrenal Extract by Paper Chromatography. J. Biol. Chem. 193: 
749, 1951~ 
yellow-green color with a green fluorescence: corticosterone, cortisol, 
4 4 
ammonium A -3-keto,llf3-hydroxyetiocholenate, and ammonium A -3-keto-llf3, 
l7a-dihydroxyetiocholenate. The colors and fluorescence are accentuated 
by vieWing under ultraviolet light ~bout 240 millimicrons) against a 
dark background. Note that the four compounds listed possess the ~-
4 hydroxy and A -3-ketone groups, both of which appear to be needed for 
the development of this color and fluorescence. Reichstein's Compound s, 
4 
which has the A -3-ketone but not the 11{3-hyd.roxy, gives a red color 
without fluorescence. Reichstein's Compounds V and C {structures like 
cortisol, but With 3t3 and ~ hydroxys respectively, and a XI hydrogen) 
give a red-brown color without fluorescence. However, llt3-hydroxy-
progesterone gives neither color nor fluorescence, which indicates a 
specificity beyond that of the mere presence of the llf3-hydroxy and 
4 A -3-ketone. Neither cortisone {11-dehyd.rocortisol) nor ll-deoxycorti-
costerone give a positive reaction. Thus, the sulfuric acid test 
readily distinguishes cortisol and corticosterone from many other 
corticosteroids, and appears to be quite specific for those particular 
configurations. At least 20 micrograms of steroid per square centimeter 
are required. 
iv). Radioactive zones. The location of zones of radioactivity 
by means of a calibrated counting chamber was described in the section 
on radioactive measurements. 
(e) Quantitative Determination of Co:trticosteroids. The ma.jori ty 
of the values for corticosteroids presented in this report were ob-
tained by a blue tetrazolium colorimetric reaction, slightly modified 
. 17 from Mader and Buck. In some cases, the molecular configuration of 
the steroid required the use of an ultra-violet lignt absorption 
technique. 
i). The blue tetrazolium method utilizes the reducing properties 
of the a-ketol group (- COCH20H), which is present in all cortico-
steroids. Although not specific for this grouping, the reaction is 
very sui table when applied to purified compounds. Blue tetrazolium 
(3,3'-dianisole-bis-4,4'-(3,5 diphenyl) tetrazolium chloride) is 
partially reduced by the a-ketol in alkaline solutions to a bluish-red 
formazan. The reaction closely follows Beer's law in the concentra-
tions employed. 
In practice, 5 to 60 micrograms of corticosteroid were 
dissolved in 0.5 ml. of 95 per cent ethanol; 0.5 ml. each of the 
following reagents were added, 1) tetramethylammonium hydroxide 
(Eastman Organic Chemicals, 10 per cent aqueous solution, 1 part to 4o 
parts 95 per cent ethanol); and 2) saturated solution of blue tetrazo-
. 0 
lium (Dajac) in 95 per cent ethanol, prepared at about 25 c. and 
filtered through glass wool; the reaction was carried out in the 
absence of light for 30 minutes at room temperature; 3·5 ml. of dis-
tilled methanol were then added to stop the reaction and stabilize 
the color. Readings were taken in the Klett-Summerson Colorimeter, 
filter number 52. The absorption peak is at a wavelength of 510 
millimicrons, and the color is stable for at least an hour. The 
17 
Mader, w. J., and Buck, R. R. 
of Cortisone and Related Ketol Steroids. 
Colorimetric Determination 
Anal. Chem. 24:666, 1952. 
readings were corrected for reagent blanks, and steroid values were 
calculated from simultaneously-determined standard quantities of the 
same corticosteroids. The determination is sensitive to two micrograms 
of steroid, although the detection of variations of this magnitude were 
neither required nor considered significant in these studies. 
ii). Ultraviolet light in the wavelength range of 238-24o 
millimicrons is absorbed by steroids possessing the 6 4-3-ketone con-
figuration. This property has been Widely utilized in the location 
of steroids on paper chromatograms and as a method of quantitating 
steroids containing this configuration.18 The method involves the 
determination of the optical density of an alcoholic aliquot of the un-
known at the absorption peak, which varies between 238 and 242 milli-
microns depending on the steroid. The steroid content is then calculated 
according to the following relationships: 
Optical density x Molecular weight x 1000 
Micrograms/Milliliter = -----~M~o~J~a-r __ e_xt~tn--c~t~io_n _ c_o_e~f~f~i-c~i-e-nt~-------
The molar extinction coefficients are available for many steroids, or 
may be determined from a known sample. 
(f) The Preparation of Steroid Derivatives. The process of 
-
purifying a steroid by means of chromatography depends upon differences 
in polarity between the steroid and contaminants. The chromatograp~c 
mobility of a compound is governed by this polarity, which is a composite 
18 Dorfman, L. Ultra-violet Absorption of Steroids. Chemical 
Reviews 53:47, 1953· 
fUnction of molecular configuration. Since a multitude of~ctors con-
tribute to molecular polarity, compounds of differing structure may 
exhibit a similar polarity and consequently Will not separate on a 
chromatogram. Therefore, in the chromatographic purification of 
steroids, derivatives are prepared which exhibit a mobility quite 
different from the parent compound, thus enabling separation from 
possible impurities. The methods followed in the preparation of 
46 
derivatives used in this study are presented in the following paragraphs. 
i). 21-Monoacetates of cortisol and corticosterone were prepared 
19 by the method of Zaffaroni and Burton. Five drops of dry pyridine 
and three drops of acetic anhydride were added to 130-150 micrograms 
of steroid. The mixture was left overnight in a stoppered test tube 
at room temperature. Several o. 5 ml. portions of methano]. are added 
and blown off With a stream of nitrogen to remove the reagents. This 
method acetylates at Carbon-21 only. 
ii). Oxidation of the lJ..l'-hydroxyl group to the 11-carbonyl 
20 
was accomplished by the method of Sarett et al. , which converts 
primary and secondary alcohols to the corresponding carbonyl compounds. 
The method utilizes a chromic acid-pyridine complex, giving yields 
approaching the theoretical. To avoid oxidation of the a-ketol side-
chain With the formation of a 17-ketosteroid, the 21-hydro.x:yl group 
19Zaf:f'aroni, A., and Burton, R. B. Identification of Cortico-
steroids of' Beef' Adrenal Extract by Paper Chromatography. J. Biol. 
Chem. 193:749, 1951. 
20 . Sarett, L. H., Johns, w. F., Beyler, R. E., Lukes, R. M., Poos, 
G. I., and Arth, G. E. Approaches to the Total Synthesis of Adrenal 
Steroids. VII. A New Method for the Attachment of Ring D. J. Am. Chem. 
Soc. 75:2112, 1953· 
must be first acetylated. The macro-procedure described by Sarett 
et al. was adapted to the micro scale as follows : 12 mg. of chromic 
acid were added slowly to 10 ml. of pyridine (if reversed, fire results); 
0.4 ml. of the resulting clear solution were added to 150-200 micro-
grams of the monoacetylated steroid; after standing 24 hours in the 
dark, 2 ml. of water were added and the oxidized steroid was extracted 
four times with one ml. of ethyl acetate; each extract was washed once 
with one ml. of water; the extracts were combined and reduced to dry-
ness under a stream of nitrogen. 
iii). Acetate esters of steroids were hydro~zed to the free 
21 
alcohol form by the method of Reichstein and von Euw using methan.olic 
KHco3 under nitrogen at reduced pressure. 
i v). Adrenosterone was formed from cortisol by the chromic-acid-
22 
glacial acetic acid method of Z&ffaroni and Burton. In this case, 
oxidation occurs at both the C-1~ and C-17 positions producing the 
tri-ketane (64-androstene-3,ll,l7-trione}. 
B. Methodology Employed in the Studies Involving Cell-
clumps and Slices of Adrenocortical Tissue 
This aspect of the work began with an attempt to elucidate the 
possible relationship of cellular integrity to the ACT.H responsivity 
of adrenocortical tissue. For this purpose the corticosteroidogenic 
21 
Reichstein, T., and von Euw, J. Constituents of the Adrenal 
Cortex. XVIII. Saponification of Esters of Reducing Ketols with Weak 
Alkalies. Hel v. chim. Acta 21:1181, 1938. 
22 
Z&ffaroni, A., and Burton, R. B. J. Biol. Chem. 193:749, 1951. 
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capabilities of small clumps of adrenocortical cells was evaluated in 
the presence and absence of ACTH. The studies led to an investigation 
of the effect of cofactor supplementation on the corticoid production 
of this preparation and of slices of adrenal cortical tissue. 
l. Preparation of Clumps of Adrenocortical 
Tissue 
This preparation was designed to represent a stage of tissue 
organization intermediate between slices and homogenates of adreno-
cortical tissue. Fresh cow adrenal glands were obtained from local 
abattoirs, as described previously. The cortices of the glands were 
separated from medulla and capsule, and chopped on an ice-cold glass 
plate with razor blades to a hamburger-like appearance. The resulting 
mince of tissue was then gently passed by means of a glass pestle and 
washes of ice-cold Krebs-Ringer solution through two nylon screens of 
decreasing mesh size ( 4/ em. and 11/ em.), and collected on a fine nylon 
cloth ( 48/ em. ) • Two fractions of this graded tissue were used in the 
experiments: (a) . that tissue 'Which passed through the 4/em. mesh 
screen, but was ~tained on the ll/ em. mesh will hereafter be referred 
to as "2 mm.. clumps" (clump diameter: 1.5-2 mm.. ); and (b) tissue pass-
ing t~ ll/ em. mesh · and retained on 48/ em. mesh. had an . average diameter 
of 0.5 mm.., and will be referred to as "0.5 mm.. clumps". Each of 
these two fractions of tissue had been subjected to washings by 10-20 
times their volume of cold Krebs-Ringer solution. Photomicrographs of 
these cell-clumps are presented in Chapter III, FigUres 4, 5 and 6. 
2. Preparation of Adrenocortical Slices 
Tissue slices of the adrenal cortex were prepared in a standard 
manner, using the Stadie-Riggs tissue microtome. The edges of the 
slices were trimmed if necessary to obtain a uniform thickness of 0.6-
0.8 mm. and an area of about one-two square centimeters. Care was 
taken to supply each flask of any given experiment with an equivalent 
portion of each adrenal gland. All operations were done in the cold 
and with precautions to prevent dehydration of the tissue. The slices 
were either placed i.mrnediately into the incubating solution, or placed 
on filter paper moistened with Krebs-Ringer solution in a cold, covered 
culture dish until ready for use. 
3· Incubation Medium 
100 parts 
4 parts 
1.2 parts 
lpart 
1 part 
12 parts 
0.9 per cent Nacl 
1.15 per cent KCl 
1.22 per cent cac12 
2.11 per cent KH2f04 
3.82 per cent MgS04.7H20 
(0.154 Molar) 
(0.154 Molar) 
(0.110 Molar) 
(0.154 Molar) 
(0.154 Molar) 
0.1 Molar phosphate buffer, pH 7.4 
( 17.8 grams Napo4 • 2H20 plus 20 ml.. 
lN HCl, dilute to 1 liter. ) 
23 It is reported that all these solutions are isotonic to rat serum. 
This medium is identical to the standard Krebs-Ringer-phosphate buffer 
23 -
solution except that the amount of cac12 solution added is reduced 
23 Umbreit, w. w., Burris, R. H., Stauffer, J. F. Manometric 
Techniques. ( 3rd Ed.;_ Minneapolis, Minnesota: Burgess Publishing Co. , 
1957), 149. 
from 3 parts to 1.2 parts, as indicated above. This change results 
++ in a level of Ca equivalent to the ionized calcium of the plasma 
50 
{4-5.2 mg./100 ml.), rather than the total serum calcium (9-11 mg./100 ml..), 
24 
as in the standard Krebs-Ringer-phosphate medium. Randle , and Gey 
and Gey 25 have used.asi.milar concentration of calcium in studies on the 
rat diaphragm and in tissue culture work. 
4. Cofactors, SUpplements, ACTH, and Conditions 
o:f' Incubation 
Incubations o:f' cell-clumps and slices were done in the absence 
or in the presence of various combinations of cofactors, supplements, 
and ACTH as will be described in the discussion o:f' the individual 
experiments. The reagents employed, and the final concentrations in 
the incubation media are given below. These concentrations were used 
in all the experiments involving the use o:f' cell-clumps and slices o:f' 
adrenocortical tissue. 
ACTH: 
ATP: 
DPN: 
Niacinamide: 
Na2:f'umarate: 
Glucose: 
24 
Armour, Blend 2H, One International 
Unit/mg. 
0.0025 Molar 
II 
II 
200 mg./100 ml.. 
Randle, P. J. Anaerobic Uptake of Glucose In Vitro by the 
Nature 178:983, 1956. -_ Isolated Rat Diaphragm. 
25 Gey, G. 0., and Gey, M. K. ·The Maintenance of Human Nor.ma.l. 
Culture. Am. J. Cancer 27: 45, 1936. Cells and Tumor Cells in Continuous 
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Glucose was present in all incubations. The ATP and DPN re-
quire neutralization, which was done immediately before use by 
dissolving the reagents in an aliquot of the Krebs-Ringer solution 
(~ phosphates) and titrating to neutrality with NaHco3 or NaQH 
(guided by the Beckman MOdel N pH meter, fitted with glass electrodes). 
The phosphate components of the basic Krebs-Ringer solution were added 
after neutralization. 
The concentration of ACTH, when used, was 2.5 units (Armour 
standard IA-1-A equivalent) per 10 m.l. of medium, as was found to be 
. 26 
effective with adrenal slices by Haynes et al. 
In all experiments, incubations were of two hours duration, 
with o:xygen as the gas phase, and with continuous shaking · in a constant 
0 
temperature water bath at 38 c. 
5. Methods Involved in the Determination 
of Corticosteroid Production 
(a) Extraction Procedures. A modification of the extraction 
26 
technique reported by Haynes et al. was used. They found that when 
adrenocortical slices were incubated, most of the newly-formed corti-
costeroids were released from the tissue to the medium. That is, in 
the absence of ACTH, the tissue and medium contained roughly equivalent 
amounts of corticosteroids; whereas under ACTH stimulation, the corti-
costeroid content of the medium increased 3-4 fold with no appreciable 
alteration in the content of the tissue. On the basis of this finding, 
26 Haynes, R., Savard, K., and Dorfman, R. I. The Action of 
ACTH on Beef Adrenal Slices. J. Biol. Chem. 207:925, .1954. 
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Haynes et al. extracted incubations of' slices by adding a double 
volume of' ethyl acetate directly to the incubation vessel containing 
both media and slices, swirling 50 times, decanting of'f' the ethyl 
acetate, and repeating the procedure twice more. This process 
effectively extracts the newly-f'ormed corticosteroids from the medium, 
and has the advantage of leaving behind the undesired tissue lipides, 
'Which would only complicate the isolation of corticosteroids from the 
extract. 
In the present study, it will be demonstrated that cofactor-
fUmarate supplementation stimulates the corticoid production of 
adrenocortical preparations. As reported by Haynes et al. in regard 
to stimulation by ACTH, the principal site of this increase in corti-
coids resulting from cofactor-fUmarate stimulation was the medium, not 
the tissue. The method of extraction described by Haynes et al. ws 
therefore used in the present study, but was modified as follows. 
After addition of the ethyl acetate, the flasks were swirled on a 
rotary shaker for 5 minutes. The water phase was then frozen solid, 
permitting the complete and rapid removal of ethyl acetate by decanta-
tion. Two additional extractions were done in the same ~~y; thaWing 
the water phase each time in a warm water bath. This modification 
saves considerable time and effort and yields a cleaner extract. 
26 
Haynes, R., Savard, K. and Dorf'ma.n, R. I. The Action of 
ACTH on Beef Adrenal Slices. _ J. Biol. Chem. 207:925, 1954. 
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(b) Chromatography of extracts of the clump and slice incuba-
tions. Since small amounts of tissue were used in these experiments, 
the isolation and identifieation of corticosteroids differed from those 
described for homogenates. 
Several methods have been reported for evaluating the cortico-
26 
steroid content of extracts of blood or tissue (Haynes et al. , 
2:( 28 . 29 
Saffran et al. , Heard et al. , Nelson and Samuels , Levy and 
30 3l 32 
Kushinsky , Macchi and Hechter , and Hechter et al. ). However, 
the nature and number of the present experiments encouraged the 
development and use of the method to be described, which utilizes 
26 
Haynes, R., Savard, K., and Dorfman, R. I. The Action of 
ACTH on Beef Adrenal Slices. J. Biol~ Chem. 207:925, . l954. 
27 Saffran, M. , Grad, B. , and Bayliss, M. J. Production of 
Corticoids by Rat Adrenals in vitro. Endocrinol. 50:639, l952. 
28 
Heard, R. D. H., Jacobs, R., O'Donnell, v., Peron, F. G., 
Saffran, J. c., Solomon, s. s., Th~f>son, L. M. Willoughby, H., and 
Yates, c. H. The Application of C to the Study of the Metabolism 
of the Sterols and Steroid Hormones. Recent Progr. Hormone Research 
;t:383, l954. 
29 
Nelson, D. N., and Samuels, L. T. A Method for the Determina-
tion of 17 -hydroxycorticosteroids in Blood: 17 -Hydroxycorticosterone 
in the Peripheral Circulation. J. Clin. Endocrinol. & Metab • .Jg:519, 
1952. 
30 
Levy 1 H. , and Kushinsky, s. Methods of Isolating Corticosteroids 
from Blood. Recent Progr. Hormone Research ,2:357, 1954. 
31Ma.cchi, I. A. , and Hechter 1 0. Studies of ACTH Action upon 
PerfUsed Bovine Adrenals: . Corticosteroid Biosynthes~s in Isolated 
Glands Maxima] ly Stimulated with ACTH. -Endocrinol. 55:387, 1954. 
32 Hechter, o., Macchi, I. A., Korman, H., Frank, E. D., and 
Frank, H. A. Quantitative Variations in the Adrenocortical Secretion 
of Dogs. Am. J. Physiol. 182:29, 1955. 
paper chromatography. 
The ethyl acetate extracts of the incubation mixtures were 
reduced to dryness by vacuum distillation under nitrogen, and then 
taken up in a minimal volume of chloroform/methanol for application to 
the starting line of l x 19 em. strips of #l Whatman filter paper 
which had been impregnated with formamide, as previously described. 
The strips were developed overnight in the ligroin/ formamide system, 
which removed progesterone and less polar lipides. The papers were 
then removed from the ligroin saturated chamber, air-dried a few 
minutes to permit evaporation of the ligroin, and transferred to a 
chloroform saturated chamber. The mobile phase was changed to 
chloroform/formamide and receiv~rs were arranged to collect separately 
the first 3. 5 hours and the subsequent 4 hours of chloroform overflow. 
As determined from control chromatograms and from simultaneously-J.'!Ull 
pilot strips, the 3.5 hour fraction contains corticosterone, the 3·5-
7. 5 hour sample contains cortisol and cortisone. Compounds more polar 
than cortisol remain on the paper. 
The advantages of the procedure are clear; in a single operation, 
the principle hormone products of adrenal activity are separated from 
each other and from the major contaminants of adrenal extracts. 
However, as will be discussed in the next chapter, an unknown occurs 
in significant amounts in the corticosterone fraction. Nevertheless, 
it will be shown that the results obtained by this fractionation method 
satisfactorily evaluate the changes in corticosteroid production re-
sulting from the experimental procedures. 
(c) Quantitative Estimation of Corticosteroids. The overflow 
fractions from the above chromatograms containing cortisol and corti-
costerone were reduced to dryness in a warm water bath ( 45° C) under 
55 
a stream of nitrogen. The corticosteroid content was then evaluated 
in terms of the cx-ketol function as measured by the blue tetrazolium 
colorimetric technique. This procedure was described in this chapter, 
page 44. 
CHAP.lER III 
EXPERIMENTAL STUDIES 
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As previously stated, the objectives of these studies required 
the use of two different types of adrenocortical. preparations: in the 
studies on the precursor roles of llf3-hydrox;yprogesterone (l..l43-HP) and 
11-deoxycorticosterone (DOC) 1 cell-free homogenates were employed; the 
cofactor and ACT.H studies utilized cellular preparations. 
Cell-free homogenates were chosen for use in the precursor 
studies for several reasons: (a) ample evidence is available that the 
conversion of cholesterol to cortisol and corticosterone is accomplished 
1 2 by these homogenates ' ; (b) by taking aliquots of the same pool of 
homogenized tissue, all of the incubations Within a given experiment 
are directly comparable; and (c) most important for these particular 
studies, the exogenous radioactive precursor steroids to be tested are 
exposed directly to the intracellular constituents. The latter point 
is significant since the previously-cited study of the precursor role 
of llf3-HP made use of the perfusion technique, in 'Which the accessi-
bility of 1J43-HP to the intracellular spaces is an unknown factor. The 
use of cell-free homogenates served to eliminate this factor in the 
present studies. 
14 In some of the folloWing experiments, DOC-4-c and llf3-HP-4-
l4 C were both incubated With aliquots of the same pool of homogenate. 
However, for clarity and convenience, the results will be presented 
under separate headings. 
l 
Saba, N., and Hechter, 0. Federation Vroc. 14:775, 1955. 
2 . 
Reich, E., Lehninger, A. L. Conversion of Cholesterol to 
Corticosteroids in Adrenal Homogenate a. Biochim. & Biophys. Acta 
17:136, 1955· 
A. Studies Involving the Conversion of Radioactively-labeled 
Steroids by Adrenocortical Homogenates. I. The Role 
of ll-Deoxycorticosterone as an Intermediary in 
Corticosteroidogenesis 
The key question with regard to the status of DOC as an inter-
mediary may be phrased: can DOC {21-hydroxyprogesterone) be hydroxy-
lated by adrenal enzymes at carbon 17 as well as carbon ll to form 
cortisol? In other words, does prior hydroxylation of the progesterone 
molecule at carbon 21 prevent subsequent hydroxylation at carbon 17? 
While the hydroxylation of DOC at carbon ll is well established, the 
results of the present experiments will confirm the conversion of DOC 
to corticosterone (llf3-hydroxylation), as shown by adrenal per:f'usion 
and by homogenate studies of others. 
Briefly summarizing the methods used, breis of decapsulated 
adrenocortical tissue from fresh cow glands were hamogenized,using a 
loose-fitting Potter-Elvehjem glass apparat~ in each of the following 
media (4 ml. medium per gram tissue): {a) 0.025M sucrose, {b) 0.154!=! 
KCl and (c) 0.15~ Nacl, buffered with M/150 Sorensens phosphate buffer 
and supplemented with niacinamide, sodium fumarate and MgS04 (all at a 
concentration of 5 mM/1. }. After homogenization ATP and DPN were added 
to a final concentration of 1.0 and 0.5 mM/1., respectively. All opera-
tions involved in the preparation of these homogenates were car~ out 
near 0° c. Homogenate aliquots corresponding to 35 to 100 grans tissue 
were added to reaction vessels containing 298 to 600 micrograms of 
14 14 . progesterone (labeled at either 4-c or 21-C , with a specif~c activity 
of 1600 counts/minute/microgram), or 332-700 micrograms of DOC-21-C 14 
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(s.A., 1550 counts/minute/microgram) suspended in about 0.3 ml. of 
0 propylene glycol, and then incubated for 2 hours at 38 c. with shaking 
(gas phase - 100 per cent oxygen). Aliquots of the same homogenate ex-
tracted without incubation served to measure the endogenous cortisol and 
14 
corticosterone initially present. The incubations with C -progesterone 
were included to serve as controls, since it has been demonstrated that 
3,4 homogenates convert progesterone to cortisol and corticosterone. 
14 14 The C -DOC and C -progesterone were shown to be radiochemically homo-
geneous before use, as described in Chapter II. 
After incubation, lipide extracts containing the corticosteroid 
products were obtained from the homogenates by exhaustive extraction 
with acetone and ethyl acetate. These extracts were combined, distilled 
in vacuo under nitrogen, and the resulting aqueous solution then thor-
oughly extracted with ethyl acetate. The lipide extracts thus derived 
contained 90-95 per cent of the added radioactivity. After partial re-
moval of phospholipides in the crude extracts by acetone precipitation 
in the presence of MgCl2 (in the cold), the extracts were further puri-
fied by silica gel chromatography. After eluting non-radioactive 
materials from the columns with hexane, benzene and benzene-ethyl 
acetate mixtures (9:1), about 75 per cent of the radioactive materials 
and all of the cortisol and corticosterone present were eluted with 
3 . Hayano, M., and Dorfman, R. I. The Act~on of Adrenal Homogenates 
on Progesterone, 17-Hydroxyprogesterone, . and 21-Desoxycortisone. Arch. 
Biochem. & Biophys. 36:237, 1952. 
4 Plager, J. E., and Samuels, L. T. Enzyme Systems Involved in 
the Oxidation of Carbon-21 in Steroids • . Federation Proc. ll:383, 1952. 
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benzene-ethyl acetate mixtures (1:1) and with 100 per cent ethyl acetate. 
The additional radioactivity eluted by methanol (about 25 per cent) did 
not contain cortisol or corticosterone as determined by paper chromato-
graphy. The cortisol and corticosterone present in the silica gel 
eluates were isolated by procedures previously described, wherein the 
chloroform-formamide and toluene-propylene glycol systems of paper 
chromatography were utilized for cortisol and corticosterone respectively. 
The cortisol and corticosterone zones located by ultraviolet scanning 
and characteristic spotting reagents (T.PTZ, Bush soda fluorescence and 
H2S04 fluorescence tests), were eluted, rechromatographed in the same 
systems, and eluted again. 
1. Preliminary Observation: Presence of 
Radioactivity in the certisol Zone 
Derived from DOC-21-cl 
In the first experiment, the specific activity of the cortisol 
zone derived from DOC-21-c14 was determined at this stage, prior to 
further purification. The results, given under "cortisol11 in Table 2, 
indicated that DOC was being converted to cortisol, as reported by 
5,6 14 
Heard et al. Typical values from a similar incubation of C pro-
gesterone are given for comparison. 
With fUrther purification, however, it soon became clear that 
14 
the "cortisol" zone contained certain unknown C -product(s) of 
5Heard, R. D. H., Jacobs, R., O'Donnell, v. J., Peron, F. G., 
Saffran, J. c., Solomon, s. s., Thompson, L. M., Willoughby, H., and 
Yates, c. H. The Applicatiol?- of Carbon-14 .. to the _Study of the Metabol-
ism of the Sterols and Steroid Hormones. Recent Progr. Hormone Research 
9:383, 1954. 
-
6Heard, R. D. H., Bligh, E. G., Cann, 
O'Donnell, V. J., Rao, B. G. and Webb, J. L. 
and Steroid Hormones. Recent Progr. Hormone 
M. c., Jellinck, P. H., 
Biogenesis of the Sterols 
Research 12:45, 1956. 
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DOC-21-c14 metabolism which moved with cortisol on the paper chromato-
gram. The material eluted from this "cortisol11 zone was treated with 
acetic anhydride and pyridine so as to form the monoacetate of the 
cortisol present. The resulting material was then subjected to two 
successive chromatograms in the toluene/propylene glycol system, and 
the specific activity of the cortisol-21-acetate obtained was taken 
after each chromatogram. From results shown in Table 2, it is seen 
that no radioactivity could be detected after the second chromatogram 
in the cortisol derived from DOC-21-c14• The disappearance of radio-
activity from the "cortisol11 zone derived from DOC-21-c14 demonstrates 
that a radioactive contaminant was responsible for the radioactivity 
initially associated with the "cortisol" zone. In contrast, the corti-
sol derived from c14-progester~ne retai~ed a constant specific activity 
throughout these same purification procedures. Although specific 
activity values were not determined on the "cortisol" zones obtained 
in the remaining experiments to be presented, this radioactive contam-
ination of the "cortisol" zones derived from DOC-21-c14 was observed in 
all cases. These latter evaluations were possible since radioactivity 
measurements were taken on all paper chromatograms before elution of 
the steroids. These results demonstrated the necessity of the acetyla-
tion and rechromatography steps, which were accordingly carried out in 
all the subsequent experiments. 
2. Corticoid Production in Homogenates from 
Endogenous Precursors and from Progesterone 
Before valid conclusions could be drawn, it was necessary to 
demonstrate the ability of the homogenates to perform the hydroxylation 
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TABLE 2 
SH!!CIFIC ACTIVITY A14 SUCCESSIVE STAGES OF PURIFICATION OF CORTISOL IERIVED FROM cJ- -SUBSTRATES (SUCROSE HOMOGENATE) . 
Specific Activity (Counts/Min./)lS.) 
Substrate 
"Cortisol" Cortisol Acetatea Cortisol Acetateb 
cl4_Progesterone 27 33 38 
cl4_noc 63 8 < 0.8 
a 
After first chromatogram. 
b A:f'ter second chromatogram. 
reactions necessary for the conversion of DOC to cortisol. The results 
obtained from incubations of c14-progeste~ne with hamogenates prepared 
in various media are given in Table 3· The complete discussion of this 
table is given in the following section; however, attention is drawn at 
this point to the ability of these homogenates to synthesize cortisol 
and corticosterone from endogenous precursors and from exogenous pro-
gesterone. It is clear that the homogenate preparation is capable of 
introducing hydroxyl groups at carbons 17, 21 and 11 of the progesterone 
molecule. 
3. Evidence that DOC is not an Intermediary 
in the Biosynthesis of Cortisol 
. 
Table 3 shows the products isolated from bovine adrenocortical 
homogenates which were prepared in various media and incubated with 
trace amounts of c14-DOC and c14-progesterone. The values given in the 
table for cortisol and corticosterone were obtained after the steroids 
had been subjected successively to four paper chromatograms, two as the 
steroid alcohol and two after acetylation. The amounts of cortisol and 
corticosterone found to be present in the corresponding non-incubated 
control samples were deducted from the total amounts isolated, and the 
"net steroid11 values therefore represent the corticosteroids synthe-
sized during incubation. The amounts of c14-substrate conversion were 
derived from the measurement of radioactivity present in the purified 
cortisol or corticosterone. 
TABLE 3 
PROOOCTS ISOLATED FROM BOVINE ftDRENOCORTIY:ftL HOMOGENATES PREPARED IN VARIOUS MEDIA AND INCUBA'IED WITH 
c1 -DOC AND c1 - PROGESTERONE FOR 2 HOURS 
cl4_Substrate added Net Steroid c14-Substrate 
c14-substratea 
Tissue (per lOOg tissue ) Production Conversion 
Expt. Weight cts/~n Medium j_mg}100g/2hrs ) (~-tg/100g/2hrs ) 
(wet) pM (xlO ) Bb Fe Bb Fe 
g 
1 Progesti~one-21-C 100 1.7 .87 Sucrose 2.12 1.52 76 27 
2 Progest~rone-4-c1 60 1.6 .80 Sucrose 2.60 2.58 123 52 
3 DOC-21-c14 44 4.6 2.36 Sucrose 2.50 .76 415 < 0.5 
Proges:t~rone- Sucrose 1.31 .89 51 18 
2.9 1.47 KCl .68 .82 34 2 4-c 
NaCl 1.18 
-77 81 4 
4 35 
OOC-21-c14 
Sucrose 1.98 ·76 137 <0.5 
2.8 1.47 KCl 1.04 1.09 45 <0.5 
NaCl 1.02 .82 72 <0.5 
IProgeste~one- 4.1 2.o8 KCl 2.09 1.16 182 9·5 
5 21-c
1 
46 
ooc-21-c14 4.5 2.36 KCl 1.52 1.20 145 <0.5 
-
... 
Specific activit y (S.A.) cts/min/Mg: progesterone 1600. vB - corticosterone. cF - cortisol. 
0'\ 
+=-
Experiments ! and g demonstrate that c14-progesterone is con-
verted by hom.ogenates prepared in • 025!1 sucrose to both cortisol and 
corticosterone, and establish the suitability of the preparation for 
the following experiments as already mentioned in the previous ~ection. 
In experiment J_, 44 grams of ad.renocortical tissue was homogenized in 
.025~ sucrose and incubated with 350 micrograms of DOC-2l-c14• It may 
be seen that DOC was converted to corticosterone in good yield. cal-
culated on the basis of 100 grams of tissue, 4.6 micromoles of DOC gave 
rise to 1.25 micromoles (415 micrograms) of corticosterone. However, 
despite the endogenous production of 760 micrograms of cortisol, the 
absence of detectable radioactivity in this steroid indicated that DOC 
was not converted to cortisol. In experiment ~' 2.8-2.9 micramoles of 
14 4 . C -DOC and c1 -progesterone were incubated with homogenates prepared 
from the same pool of adrenocortical brei in three different media. In 
all cases, a significant endogenous production of both corticosteroids 
was evident, and the conversion of both progesterone and DOC to corti-
costerone was observed. However, no detectable conversion of DOC to 
cortisol was seen. Experiment .2. confirms the previous findings. 
To summarize, the results consistently show that: (a) in none 
of the homogenates was it possible to detect the conversion of c14-DOC 
to cortisol, despite the fact that endogenous production of cortisol 
was clearly evident in all cases; (b) the conversion of c14-:ooo to 
corticosterone proceeded in all homogenates, and (c) the conversion of 
cl4_progesterone to both cortisol and corticosterone was observed. 
6() 
These results are fully in agreement with the scheme of corticosteroi~ 
genesis originally postulated in 1951 by Hechter et al.7, and conflict 
8,9 
with the findings of Heard et al. The finding in the present investi-
gation, that DOC-21-c14 gives rise to radioactive product(s) which move 
with cortisol on paper chromatograms, suggests the possibility that 
Heard et al. may have also encountered these rad.ioacti ve contaminants, 
and that their fractionation procedures may not have yielded radio-
chemically homogenous cortisol. 
These studies on the status of DOC in corticosteroidogenesis 
10 have been published. 
II. Role of 1~-Hydroxyprogesterone as an Intermediary 
in the Biosynthesis of Corticosterone and Cortisol 
To review the problem briefly, there was uncertainty as to the 
possible role of ~-hydroxyprogesterone (~-HP) as an intermediary in 
the corticosteroidogenic se~ence. Although progesterone is converted 
in adrenal tissue to ~-HP, the latter was originally considered not 
to be a major intermediary on the basis of adrenal perfusion experiments 
7Hechter, o., Zaffaroni, A., Jacobsen, R• P., Levy, H., 
Jeanloz, R. w., Schenker, v., and Pincus, G. The Nature and the Bio-
genesis of the Adrenal Secretory Product. Recent Progr. Hormone 
Research §:215, 1951. 
8 
Heard, R. D. H., Bligh, E. G., Cann, M. C., Jellinck, P. H., 
O'Donnell, v. J., Rae, B. G. and Webb, J. L. Biogenes;is of the Sterols 
and Steroid Hormones. Recent Progr. Hormone Research 12:45, 1956. 
9 . . 
Heard, R. D. H., Jacobs, R., O'Donnell, v. J., Peron, F. G., 
Saffran, J. C. , Solomon, S.. S. , Thompson, L. M. , Willoughby, H. , and 
Yates, c • . H. The Application of . Carbon-14. to the Study of the Metabol-
ism of the Sterols and Steroid Hormones. Recent Progr. Hormone Research 
_2:383, 1954. 
10 Eichhorn, J., and Hechter, o. Status of Deoxycorticosterone as 
Intermediary in the Biosynthesis of Cortisol. Proc. Exp. Biol. and Med • 
.22: 311' 1957. 
wherein llf3-HP failed to give rise to significant amounts of cortico-
ll,l2 
sterone or cortisol. However, these perfusion data did not permit 
a definitive conclusion, since adequate transfer of llf3-HP from the pe~ 
fusate into the ceUs may not have occurred, whereas llf3-HP formed in-
tracellularly might serve as an intermediary~ The more recent findings 
18 14 . that adrenal mitochondrial systems ' convert progesterone to llf3-HP 
in good yield have served to reopen consideration of llf3-HP as a 
possible intermediary in corticosteroidogenesis. 
To eliminate the influences of permeability barriers inherent in 
the perfusion technique, bovine adrenocortical homogenates, which syn-
thesize corticoids from endogenous precursors, were used to reinvesti-
gate the role of llf3-HP as an intermediary in corticoid biosynthesis. 
Tracer amounts of llf3-HP-4-c14 were incubated in homogenates prepared 
in various media, and the degree of incorporation into the cortisol and 
corticosterone formed was measured relative to that of comparable 
14 
experiments with tracer amounts of progesterone-C (labeled either at 
c-4 or C-2l) and DOC-2l-c14• The results of these studies demonstrate 
ll Levy, H., Jeanloz, R. w., Jacobsen, R. P., Hechter, o., 
Schenker, V., and Pincus, G. Chemical Transformation of Steroids by 
Adrenal Perfusion. J. Biol. Chem. 2ll :867, 1954. 
l2 Hechter, 0. Biogenesis of Adrenocortical Hormones. Ciba 
Foundation Colloquia on Endocrinology, ed. w. Klyne (London: J. & A. 
Churchill, Ltd., 1953) VII, l6l. 
13Saba, N., and Hechter, o. Federation Proc. 14:775, 1955. 
14 
Brownie, A. c., Grant, J. K., and Davidson, D. w. Enzymic 
ll~-Hydroxylation of Progesterone by Ox Adrenocortical Mitochondria. 
Biochem. J. 58:218, 1954. 
68 
that while 1~-HP is converted to both cortisol and corticosterone, 
comparison o~ the rates o~ conversion relative to progesterone and DOC 
indicate that in bovine adrenal tissue, ~-HP is not a major inter-
mediary in the biosynthesis o~ cortisol or corticosterone ~am 
progesterone. 
The methodology o~ these studies has been summarized in section 
I, this chapter. The ~-HP-4-c14 employed was a highly purified 
crystalline sample, and was regarded as radiochemically homogeneous on 
the basis o~ paper and silica gel chromatography as described in 
Chapter II. The specific activity of the 1~-HP was originally 6,580 
counts/mg./minute, and a portion o~ this sample was diluted with non-
radioactive ~-HP to a speci~ic activity o~ 1,550 counts/mg./minute. 
Homogenate. ·aliquots corresponding to 35 to 100 grams tissue were 
added to reaction vessels containing the radioactive steroid suspended 
in 0-3 ml. o~ propylene glycol, and were incubated ~or 2 hours with 
shaking (gas phase, 100 per cent oxygen). The radiosteroids were pres-
ent in the various experiments in ratios ranging ftam 1.1 to 4.6 micro-
moles per 100 gram equivalents of tissue {equivalent to 4oo ml. of 
homogenate). After incubation the reactions were halted by the addition 
o~ two volumes o~ acetone, and the cortisol and corticosterone were ex-
tracted, isolated, and quantitated as previously described. In each 
experiment, aliquots o~ the same homogenate extracted without incubation 
served to measure the cortisol and corticosterone originaJlypresent in the 
homogenate, and thus permitted measurement of the net synthesis o~ these 
. . 
corticoids during the two-hour period of incubation. 
The products isolated from these incubations are shown in Table 
4. In experiment J, aliquots of a sucrose homogenate were incubated 
with an equal number of counts (2.4xJ.o6 counts/minute) of c14 -llt3-HP 
and c14-ooc. The results obtained with c14-progesterone in identical 
sucrose homogenates are shown for comparison (experiments ! and g). 
l4 It will be seen that whereas the incorporation of the llt3-HP-4-c into 
cortisol or corticosterone could not be detected, the incorporation of 
c
14
-DOC into corticosterone and c14-progesterone into both cortico-
steroids is readily demonstrable. In 3, the number of micromoles of 
c14-DOC and c14-llt3-HP incubated were different; the llt3-HP had a 
higher specific activity and was present in lowest concentration. In 
. l4 l4 l4 exper~nt ~' C -11!3-HP, C -progesterone and C -DOC (all at a con-
centration of 2.8-2.9 micromoles per 100 grams tissue equivalent), were 
incubated in homogenates prepared in three different media, but derived 
from the same pool of adrenocortical brei. In this experiment, c14 -llt3-
HP was incorporated into both cortisol and corticosterone in all media. 
However, c14-llt3-HP is incorporated into the corticosterone synthesized 
14 14 to a lesser extent than either C -progesterone or C -DOC, independ-
ently of the type of media employed. With regard to the conversion of 
llt3-HP to cortisol relative to progesterone, the results differ depend-
. th di d In h t . .1.. • c14 ~ng upon e me a use • sucrose omogena es, w.uere~n -
progesterone conversion to cortisol occurs at the greatest rate, 
progesterone is superior to llt3-HP. When homogenates are prepared with 
ionic media, c14-progesterone conversion to cortisol is markedly reduced, 
TABLE 4 
PRODUCTS ISOLATED FROM BOVINE ADRENOCORTf?;: HOMOGENA'l'ES PREPARED IN VARIOUS MEDIA AND INCUBATED 
WITH C -SUBSTRA'mS FOR TWO HOURS 
--- -~-
c14- Substrate Net Steroid 14 Tissue C -Substrate 
c14-substratea Weight 
added Production Conversion 
Expt. {wet ) (per 100g tissue) Medium _{_mg/100gL2hrs) {,ug/100g/2hrs) 
g cts~~n BQ Fe Bb c 
,uM (xlO ) F 
1 Progeste~one-21-c1 100 1.7 .87 Sucrose 2.12 1.52 76 27 
2 ProgestRrone-4-cl 60 1.6 .80 Sucrose 2.60 2.58 123 52 
3 1113-HP-4-~14 44 1.1 2.47 Sucrose 1.89 .71 <0.2 <0.2 ooc-21-c1 4.6 2.36 II 2.50 .76 415 <.0.5 
4 14 
Sucrose 2.39 .87 21 4 
1113-HP- -c 2.8 1.47 KCl .69 1.16 13 7 
NaC1 
·97 ·70 29 7 
Sucrose 1.31 .89 51 18 
4 ProgestRrone- 35 2.9 1.47 KC1 .68 .82 34 2 4-c1 NaC1 1.18 
·77 81 4 
ooc-21-c14 
Sucrose 1.98 ·76 137 < 0.5 
2.8 . 1.47 KC1 1.04 1.09 45 < 0.5 
NaC1 -1.02 .82 72 < 0.5 
-a 
TABLE 4-Continued 
' 14 cl4_Substrate Tissue C - Substrate Net Steroid 
added Prcxluc~~~n (~J~ve~j~on Expt. c14-Substratea Weight (per lOOg tissue) Medium ,(mg/100 2hrs) C lOOg 2hrs) (wet) cts/~n g )lM (xl.O ) Bb Fe Bb Fe 
4 14 11.13-HP- -c 3.8 1.97 KCl .88 ·74 2l 9.6 
5 Progestelione-21-c1 - 46 4.1 2.o8 KCl 2.09 1.16 182 9·5 
OOC-2l-Cl4 4.5 2.36 KCl 1.52 1.20 145 <0.5 
·-- -·--- ---- . . 
-- --L..-. ----
- -- - ------ - -- --
a Specific activity (s.A.) counts/minute/microgram: 11.13-HP, in 3 -6580, in 4 and 5 - 1550; 
progesterone 1600; DOC 1550. 
b 
B m corticosterone. 
c 
F • cortisol 
j:j 
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whereas that of 11$-HP is little affected; the net result is that under 
these conditions c14-~-HP is incorporated into the cortisol formed to 
14 
an equal or greater extent than C -progesterone. To check this result, 
in experiment .2,, aliquots of an homogenate prepared in KCl were incu-
14 14 14 bated with C -~-HP, C -progesterone and C -DOC. The results with 
regard to incorporation into the cortisol synthesized were essentially 
similar to those obtained in experiment ~· 
The results shown in Table 4 for the incorporation of c14-
steroids into the corticosteroids formed by the system are based upon 
the radioactivity present following chromatography of the cortisol and 
corticosterone as the free steroid alcohol and as the monoacetate. To 
determine whether the corticosteroids isolated from the 1113-HP incuba-
tions were radiochemically homogeneous at this stage of purification, 
50 per cent portions of the original column eluates of the ~-HP and 
progesterone incubations, which had been reserved for this purpose, were 
combined to obtain separate pools of the ionic and sucrose incubations. 
'fhe chromatography of the steroid alcohols and monoacetates were re-
peated on these pooled samples and the following additional derivatives 
were prepared: for corticosterone, (a) oxidation of the corticosterone-
21-acetate to 11-dehydrocorticosterone-21-acetate, and (b) saponifica-
tion of "a" to ll-dehydrocorticosterone by means of methanolic KHco3; 
for cortisol, (a) the cortisol-21-acetate was oxidized to cortisone 
acetate, and (b) on the 1113-HP samples adrenosterone (64-androstene-3,ll, 
17-trione) was prepared from the cortisol. These derivatives were 
paper chromatographed, eluted, and specific activities determined. The 
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speci~ic actiVities o~ these samples at various stages are shown in 
Table 5, f'rom which it will be seen that the cortisol and corticosterone 
~rom the sucrose incubations may be considered radiochemically hamogen-
eous at the acetate stage. However, the homogeneity of the products of 
the incubations in ionic media is less certain. 
It seems clear f'rom the specific activity data in Table 5, that 
14 D$-HP-4-C can, to a limited extent, be converted to both cortisol 
and corticosterone in the systems employed. These studies on D$-HP 
have been accepted for publication.15 
15 Eichhorn, J., and Hechter, o. Role of J.J$-Hydroxyprogesterone 
as Intermediary in Biosynthesis of Cortisol and Corticosterone. Proc. 
Soc. Exp. Biol. and Med. In press. 
T.A:BIB 5 
SPECIFIC ACTIVITIES OF PRODUCTS nimJ:VEn FROM c~4 -ll$-HP and c~4 -PROGESTERONE 
AT SUCCESSIVE STAGES .OF PURIFICATION 
Specific Activity (Counts/minute/microgram) 
Products derived from c c~4-substrates SUcrose Incubations Ionic Incubations 
ll$-HP Progesterone ~-HP Progesterone 
Cortiso~8 35 39 zr 23 
b Cortiso~ ~8 3~ 20 ~2 
Cortiso~-~-acetate8 ~0 36 ~~ 1 
Cortiso~-~-acetateb 1 36 ~0 6 
Cortisone-~-acetate 5 32 8 1 
Adrenosterone 5 •• 4 . . 
Corticosterone8 49 64 ~54 ~54 
Corticosteroneb 46 68 ~40 ~36 
Corticosterone-~-acetate8 ll 67 48 J.26 
b Corticosterone-~-acetate ll 53 48 ~32 
ll-Dehydrocorticosterone-
~-acetate 8 59 36 ~OS 
ll-Debydrocorticosterone ~3 55 33 99 
a Af'ter first chromatogram. 
b . After second chromatogram. 
c Products from KC~ and NaC~ incubations combined. 
B. Exploratory Studies of Factors Affecting the Production 
of Corticosteroids by Preparations of Adrenocortical 
Slices and Cell-clumps 
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Evidence which suggests that the responsiveness of adrenocortical 
tissue to ACTH is related to the structural organization of the tissue 
preparation has been reviewed in the introduction. Briefly, cell-:t'ree 
adrenocortical homogenates, although able to produce corticoids at a 
high rate, do not respond to ACTH, whereas cellular preparations do 
respond to ACTH. Furthermore, the relatively intact adrenal gland, as 
in perfusion studies, is stimulated by trace amounts of ACTH, in con-
trast to slices of adrenocortical tissue which require unpbysiologically 
high concentrations of ACTH. Since these variations in responsiveness 
to ACTH may contain a clue to the mechanism of action of this pituitary 
hormone, the following studies were begun in an .attempt to further in-
vesti~te this relationship of ACTH responsivity to tissue organization. 
1. Attempts to Prepare a Unicellular Suspension 
from Adrenocortical Tissue 
It was deemed desirable, in pursuit of the described objective, 
to study the effect of ACTH on an adrenocortical preparation which was 
structurally intermediate between the homogenate and slice. The pre-
16 paration of choice was a suspension of isolated cells. Anderson and 
Kaltenbach17 were successful in preparing cell suspensions in good yield 
16 Anderson, N. G. The Mass Isolation of 'Whole Cells from Bat 
Liver. Science 117:627, 1953. 
17Kaltenbach, J. P. The Preparation and Utilization of Whole 
Cell Suspensions Obtained from Solid ,Wtmma.1 ian Tissues. Exper •. Cell 
Research 1=568, 1954. 
from liver tissue. The writer was also able to isolate cells from 
adrenocortical tissue; however, the yield of intact cells was impracti-
cally small for the purpose intended. The methods employed involved 
the centrifugation of suspensions of tissue which had been pretreated 
by one or a combination of the following procedures : pa.Ssing a finely-
ground mince of tissue through nylon screens ( 48 openings/ centimeter); 
digestion by hyaluronidase; use of calcium-free solutions; and gentle 
maceration of a finely-ground mince on nylon screens by shaking 'With 
glass beads in a water bath. The lack of success in obtaining signifi-
cantnum.bers of intact cells was at:tributed to the high proportion of 
cell-enmeshing reticular fibers in adrenal tissue. 
2. Inability of Clumps of Adrenocortical 
Tissue to Synthesize Corticosteroids 
The failure t~ isolate individual cells in sufficient quantities 
for these studies necessitated a compromise. It was concluded that 
small clumps of adrenocortical cells would acceptably represent a pre-
paration which was structurally intermediate between homogenates and 
slices. Accordingly, clumps of cells (average diameter 0.5 millimeters) 
were prepared by passing a brei of adrenocortical tissue through a 
suitable nylon screening and collecting the particles of tissue on a 
nylon cloth, as described in Chapter II. 
Incubations of adrenocortical tissue prepared in this manner 
were carried out in Krebs-Ringer-phosphate buffer medium (l gram tissue/ 
7. 5 ml.) at pH 7.4 for 2 hours in a constant temperature water bath at 
38° c. with lOO per cent oxygen as the gas phase. All incubations 
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contained 200 mg./100 m.l. of glucose. The corticosteroid content of 
incubated and non-incubated preparations of cell-clumps was evaluated 
by the methods of extraction and chromatography described in Chapter rr. 
The results of six experiments are shown in Table 6, which presents the 
total corticosteroid content in terms of the a-ketol fUnction as 
measured by a slightly modified Mader-Buck blue tetrazolium procedure. 
It may be seen that this preparation is not capable of synthesizing 
corticosteroids under these conditions. 
3· Microscopic Examination of Adrenocortical Clumps 
To determine the nature of these adrenocortical cell-clumps, 
sections were prepared for microscopic examination. The tissue was 
fixed in 10 per cent alcoholic formalin, imbedded in paraffin, and 
stained with hematoxylin and eosin. For comparison, fresh untreated 
tissue taken from the same gland was also examined. Photomicrographs 
of representative areas of the sections at magnifications of 50X, 300X, 
and 6oox are presented in Figures 4, 5 and 6, respectively. The writer 
readily confesses to a limited knowledge of the subtleties of histolo-
gical examination; however, the following observations may be made. 
Little structural change appears to have occurred during the preparation 
of the clumps. With the exception of a few pyknotic nuclei, none of the 
characteristics of degenerating cells were observed in the clumps before 
incubation (cloudy swelling, karyolysis, nuclear fragmentation, or vacuo-
lization). A change in the appearance of the clump preparation does 
occur after a 2 hour incubation period in Krebs-Ringer-phosphate buffer 
. 0 
medium supplemented with 200 mg./100 m.l. of glucose (at 38 c., pH 7 .4, 
TABLE 6 
a-KETOLS EXTRACTED FROM CLUMPS OF ADRENOCORTICAL 
CELLS BEFORE AND AFTER INCUBATION 
Total a-Ketols (micrograms/ gram tissue) 
Treatment 
Expt: 1 2 3 4 5 6 1 Average 
Non-incubated 29 49 25 77 61 82 54 
Incubated ( 2 hours) 31 34 25 71 81 87 55 
Incubations were in Krebs-Ringer-phosphate buffer medium con-
taining 200 mg/100 ml. glucose, pH 7 .4, 38° c., under oxygen. In all 
experiments, 0. 5 gram tissue was incubated in 7. 5 ml. of medium. 
~ 
. I 
A B 
Figure 4. 
Photomicrographs of bovine adrenocortical tissue {50X) 
A. Cell-clumps, about 2. 5 hours a.:f'ter death of animal. 
B. As A., a.f'ter incubation in Krebs-Ringer-phosphate 
butter medium as described in the text. 
79 
80 
A s c 
Figure 5· 
Photomicrographs of bovine adrenocortical tissue (300X} 
A. Untreated tissue, about one hour af'ter death of animal • 
B. Cell-clumps, about 2.5 hours after death of animal. 
c. As B., after incubation in Krebs-Ringer-phosphate buffer 
medium as described in text. 
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c B 
Figure 6. 
Photomicrographs of bovine -adrenocortical tissue (6oox). 
A. Untreated tissue, about one hour after death of ani ma.J • 
B. Cell-clumps, about 2.5 hours after death of anima.l. 
c. As B., af'ter incubation in Krebs-Ringer-phosphate buffer 
medium as described in text. 
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with oxygen as the gas phase). With incubation, a definite loosening 
of the tissue structure is observed, the nuclei appear to be located 
more peripherally, the cell outlines are irregular, and a few isOlated 
nuclei are found. The most striking change is that the cells have 
lost intimate contact with each other, and the impression is gained 
that the irregular cell surface and peripheral location of nuclei may 
have resulted from cell shrinkage. These changes may be related to 
the dissolution of an intercellular cement substance, but the evidence 
does not permit a definitive conclusion regarding the cause of these 
changes. It is significant, however, that the biochemical data to be 
presented indicate that the cell membranes in this preparation appear 
to be exceedingly "leaky". In any case, although the cells are abnormal, 
the preparation is cellular in nature and represents a condition of 
structural organization intermediate between slices and homogenates of 
adrenocortical tissue. 
4. Stimulation of Corticoid Biosynthesis in 
Cell Clumps by Cofactors 
Why were the cell clumps unable to synthesize corticosteroids? 
Ample evidence is available that quartered rat adrenals18, bovine 
adrenocortical slices19, and unfortified bovine adrenocortical homo~ 
20 genates synthesize corticoids from endogenous precursors. Apparently, 
18 Saffran, M., Grad, B., and Bayliss, M. J. Production of 
Corticoids by Rat Adrenals in vitro. Endocrinol. 50:639, 1952. 
19 
Haynes, R. c., Savard, K., and Ddrf'ma.n, R. I. J. Biol. Chem. 
207:925, 1954. 
20 Macchi, I. A., and Hechter, o. Lack of Influence of ACTH Upon 
Corticosteroid Biogenesis in Cow Adrenal Homogenates. Arch. Biochem. 
and Biophys. 53:305, 1954. 
during the preparation of the cell clumps, factors necessary for _corti-
costeroidogenesis were either destroyed or removed. Considering the 
evidence then emerging, concerning the role of cofactors such as DPN, 
ATP, and fumarate in the various individual steps of the sequence of 
corticoid formation (Chapter I), it was logical to investigate the 
effect of these cofactors on this preparation. Accordingly, incubations 
of cell-clumps were carried out in which DPN (0.5 mM/1.), ATP (2.5 mM/1.), 
sodium :fumarate (3.3 mM/1.), and niacinamide (5 mM/1.) were added to 
the medium just prior to incubation. These additions produced a re-
markable stimulation of corticoid synthesis, as shown in line 3, 
Table 7, which presents the total corticosteroid content of the incuba-
tion mixtures, measured in terms of a-ketols. {It will be noticed that 
Table 7 and subsequent tables contain data from experiments which were 
partially reported in a previous table. This overlapping occurs be-
cause confirmatory data was being obtained while proceeding with the 
next step in the studies.) 
The results shown in Table 8 demonstrate that all of the compon-
ents of this cofactor supplement contribute to the increase in a-ketol 
production. In A, it may be seen that if fumarate or DPN (plus nia-
cinamide) are omitted, a-ketol production is reduced below that of the 
fully supplemented incubation; in B, the omission of ATP a.;l.sp reduces 
the response. 
TABLE 7 
STIMULATION OF a-KETOL PRODUCTION BY COFACTORS AND FUMARATE IN INCUBATIONS 
OF CLUMPS OF ADRENOCORI'ICAL CELLS 
Total a-Ketol 
(p.gf g. tissue) 
Experimental Conditions 
Expt: 3 4 5 6 7 8 Average 
1. Non-incubated 25 77 61 82 29 30 51 
2. Incubated, no additions 25 71 81 87 38 36 56 
a a 3· Incubated, cofactors and fumarate 
added 93 178 187 227 126 106 153 
Incubations were for 2 hours at 38° in Kreb5-Ringer-phosphate, pH 7 .4, under oxygen, 
and contained glucose (200 mg/100 ml.). 
a 
Final concentrations: ATP, 2. 5 mM; DPN, 0. 5 mM; Sodium fumarate, 3. 3 mM; Niacinamide, 
5 mM. The ATP and DPN were neutralized before use. 
():) 
-:::-
A 
B 
TABLE 8 
. EFFECT OF OMISSION OF COMPONENTS OF THE COFACTOR-FUMARATE SUPPLEMENT ON a-KETOL PROOOCTION 
BY ADRENOCORTICAL CELL-CLUMPS. ( 2 HOURS INCUBATION) 
Total a-Ketols ~/g. Tissue} 
Factors Present During Incubation 
Expt: 6 7 8 9 Average 
1. ATP, DPN, niacinamide, fumarate 227 • •• 106 156 163 
2. ATP, DPN, niacinamide 212 ... 66 112 130 
3. ATP, fumarate 68 ... 81 109 86 
1. ATP, DPN, niacinamide, fumarate 227 126 106 ... 151 
2. DPN, niacinamide, fumarate 134 69 80 ... 94 
-------- -- -- -
Conditions and concentrations of reagents as in previous table. 
OJ 
V1 
Since ATP has been shown to phosphorylate DPN in biological 
2l 
systems with the formation ·of TPN , incubations were carried out on 
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cell-clumps in which the effect of T.P.N was compared to that of ATP plus 
DPN. Other conditions were as in the previous studies. The results of 
two experiments, shown in Table 9, indicate that TPN is effective in 
stimulatinga-ketol production and suggests that AT.P and DP.N may in-
teract to form TPN in this preparation. As cited in the introduction, 
this interaction has been strongly implicated in certain of the hydroxyl-
ation reactions carried out by the adrenal cortex. 
The term "cof'actor-:f'umarate supplement" will be used in this 
dissertation when re:ferring to the addition of ATP, DPN, niacinamide 
and fumarate to an incubation medium. Although :fumarate may possibly 
:function as a co :factor in these incubations, the separate designation 
is pre:ferred since :fumarate is also an intermediate o:f the Krebs cycle. 
5· Evidence of Identity of a-Ketol Products ·· 
of Cell-clump Incubations 
Since the data reported in the previous three tables were ob-
tained by an abbreviated system of chromatography, it became desirable 
to confirm these results using a more detailed chromatographic proce-
dure. For this purpose, the a-ketol products remaining :from several o:f 
these cell-clump experiments were combined so that pools were obtained 
2l 
Kornberg, A. 
B. Glass (Baltimore: 
Phosphorus Metabolism, eds. w. D. McElroy and 
Johns Hopkins Press, 1951), I, 392. 
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TABLE 9 
COMPARISON OF THE EFFECTS OF TPN AND ATP PLUS DPN ON a-KETOL PRODUC-
TION IN ADRENOCORTICAL CELL-ClUMPS 
Additions to Media 
No additions 
a 
TPN , :f.'umarate 
ATP, DPN, niacinamide, fumarate 
a 
Total a-Ketols 
(micrograms/gram tissue) 
Results o~ Two Experiments 
36 
8o 
lo6 
28 
59 
62 
. TP.N added to give ~inal concentration equivalent to that o~ 
DPN ( 0. 5 mM/1. ) • Conditions of incubation and concentration o~ other 
reagents were as in previous studies. 
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from (A) non-incubated tissue, (B) incubated tissue, and (c) tissue 
which had been incubated in the presence of cofactors and fUmarate. 
The a-ketol content of the pools were: A, 48; B, 97; and c, 6o6 
micrograms. Each of the samples had been individually chromatographed 
as usual before pooling. After being combined, the pooled samples were 
applied to fo:rmamide impregnated papers, and developed for 45 minutes 
in a chlorofor-m saturated chamber using chlorofor.m:formamide as the 
mobile phase. In this system, cortisol remains near the starting line 
and corticosterone moves slightly behind the solvent front. When these . 
chromatograms were examined using the spot tests described previously, 
zones were detected in all cases in positions corresponding to cortisol 
. 
and corticosterone. The zones derived from the non-incubated and non-
supplemented incubations (pools A and B) were eluted, and the a-ketol 
content was deter-mined w1 thout further chromatography. 
The zones from the supplemented incubations (pool C), which 
showed all the characteristic reactions of cortisol and corticosterone, 
were eluted and rechromatographed individually. The material exhibit-
ing the characteristics of cortisol was twice chromatographed in the 
CHCl3/ formamide system, producing a well-defined zone which retained 
the chromatographic mobility and spot-test characteristics of cortisol 
(positive soda fluorescence, sul:fu.ric acid, TP.rZ, and absorption of 
ultraviolet light). The material exhibiting the characteristics of 
corticosterone separated into two ultraviolet absorbing zones when 
chromatographed in the toluene/propylene glycol system. Both of these 
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zones were individually rechramatographed in the same system, each now 
giving single well-defined zones With the mobilities and spot reactions 
characteristic, respectively, of corticosterone and ll-dehydrocortico-
sterone (all spot-tests were positive, except that ll-dehydrocortico-
sterone does not react to the sulfuric acid test). The steroids of 
both zones were eluted and quantitatively estimated by the blue tetra-
zolium method. The results obtained on the three pools, shown in 
Table 10, indicate that the abbreviated method of chromatography, as 
applied to the individual samples from each experiment, does not re-
move a fraction of reducing material which reacts to blue tetrazolium 
but which cannot be cortisol or corticosterone. Nevertheless, the per-
centage of non-corticoid reducing material is quite uniformly present 
in all three pools, and although the results obtained by the abbreviated 
method of chn!:lma.tograpby are somewhat high, the method has been shown 
to be acceptable for the detection of changes in corticoid synthesis of 
the magnitude reported in these studies .. 
6. Attempt to Reconstitute the Cell·- clump 
Preparation 
The evidence acquired on the cell-clump preparation indicated a 
loss or destruction of agents necessary for corticosteroidogenesis. 
For this reason, it was desirable to determine if these necessary agents 
were contained in the wash medium used in the preparation of the cell-
clumps. Krebs-Ringer-phosphate buffer medium was employed in the pre-
paration of the cell-clumps used in this experiment, so that the wash 
solution could be used directly for the cell-clump incubations (after 
TABLE +0 
PROOOCTS ISOLATED FROM POOLED SAMPLES OF CELL-CLUMP EXPERIMENTSa 
•. 
Products Isolated 
Initial a-Ketol (micrograms) B+F 
Pool Derived from: Content of Pool in pool 
(micrograms) 
"X"b 
(percent ) 
F B Total 
B+F 
A Non-incubated tissue 48 13 18 ... 31 65% 
B Incubated tissue 97 24 34 ... 58 60'fo 
c Tissue incubated with cofactor-
fumarate supplement 6o6 198 84 61 282 47% 
a These pools contained all available samples, and the values given are not to be 
construed as averages for the experimental conditions. 
b Zone exhibiting the characteristics of 11-dehydrocorticosterone. 
Abbreviations: B, corticosterone; F, cortisol. 
'8 
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removal of broken cells, nuclei, and debris by centri~gation in the cold 
at 600 X gravity for ten minutes). Incubations were carried out as 
shown in Table 11, including vessels containing boiled tissue wash (3 
minutes) and cofactor-fumarate supplements for comparison. All vessels 
received tissue from the same preparation, and the volume of wash solu-
tion used as medium was derived from an equivalent amount of tissue. 
The a-ketol recoveries from vessels 1 through 4 are not significantly 
different (Table 11), indicating that the tissue wash had no effect. 
The a-ketol responses in samples 5 and 6 were both typical of cofactor-
fumarate supplementation, and again indicated an absence of change due 
to tissue wash. 
7. Lack of Response of Cell-clumps to ACTH 
The inability of the tissue wash to restore corticosteroido-
genic activity, while cofactors plus :f'umarate were capable of doing so, 
may be interpreted as preliminary evidence that these cofactors and 
fUmarate are essential to corticosteroidogenesis, and that in the 
process of preparing the cell-clumps,cofactors as well as Krebs cycle 
intermediates present in the tissue were destroyed or reduced to in-
adequate levels. While other interpretations are possible, these re-
main completely speculative. 
If the process of corticosteroidogenesis requires factors which 
are not present in this preparation, the addition of ACTH would not be 
expected to stimulate corticoid production in the cell-clumps. This 
proved to be the case when incubations of cell-clumps were carried out 
TABLE 11 
EFF.ECT ON a-KETOL PROWCTION OF INCUBATING CELL-CLUMPS IN WASH SOLUTION USED ro· 
PREPARE THE TISSUE: A'l'lEMPT AT RECONSTITUTION 
--------- ----- -- - - -- - ---
Media Used for the Incubation of Cell-clumps a Total a-Ketols ~micrograms/ gram tissue) 
1. Not incubated 25 
2. Krebs-Ringer-phosphate buffer medium 25 
3. Unboiled tissue wash b 23 
4. Boiled tissue wash 33b 
5. Boiled tissue wash, cofactor-fumarate supplement 
94b added 
6. Krebs-Ringer-phosphate buffer medium, cofactor-fumarate 
supplement added. 93 
-- -- ------ ----- ----
a Conditions of incubation and concentration of reagents otherwise as in 
previous cell-clump incubations. 
b These values were corrected for the a-ketol content of the tissue wash 
(13 micrograms per 7·5 ml., the volume used in each sample). \0 
1\) 
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in the absence and presence of' ACTH (2.5 International Units/10 mJ.. ). The 
conditions of' incubation were as in the previous studies, excepting that 
cell-clumps of' a larger size (average diameter, 2 mm..) were employed in 3 
of' 7 experiments. The results, shown in Table l2, demonstrate that the 
cell-clump preparation is not responsive to ACTH. This finding indicated 
that the preparation was not suitable f'or the purpose originally intended, 
that is, to study the relationship of' the structural organization of' a 
tissue preparation to its responsivity to ACTH. 
8. Stimulation of' Adrenocortical Slices by ACTH 
In contrast to the cell-clumps, slices prepared f'rom adrenocor-
tical tissue responded to ACTH when incubated under the same conditions 
as the cell-clumps. The results of ten experiments using slices, incu-
pated w:i th and w:i thout ACTH, are shown in Table 13. As previously 
22 demonstrated by Haynes et al. , the response of bovine adrenocortical 
slices to ACTH in these studies was somewhat variable. In experiment 19, 
ACT.H had no effect; in two others (20,23) the response was small. However, 
in the remaining 7 experiments an increase in a-ketol production by ACTH 
administration was observed. In most of these experiments, corticosterone 
and cortisol fractions were obtained; the ACTH effect was observed in both 
fractions. 
22 Haynes, R., Savard, K., and Dorfman, R. I. J. Biol. Chem. 
207:925, 1954. 
TABLE 12 
LACK OF RESPONSE OF CELL CLUMPS TO ACTH 
~- - -
Total a-Ketols {micrograms/ g. tissue) 
Conditions of Incubation 0. 5 mm. clumps 2 mm. clumps 
Expt: 11 12 13 14 15 16 17 Avergge 
No additions, 2 hr. incubation 29 4o 25 11 22 41 34 29 
a ACTH added, 2 hr. incubation 34 35 29 11. 20 42 43 31 
- ---~~~~-
- -
a ACTH: 2.5 r.u. per 10 ml., other conditions as in previous tables. 
~ 
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TABLE 13 
STIMULATION OF a-KETOL PROOOCTION BY ACTH IN ADRENOCORTICAL SLICES 
a-Ketols (micrograms/ gram tissue) 
EM;periment Corticosterone Fraction Cortisol Fraction Total a-Ketols 
a b 
-
+ - + - + 
18 11 32 34 42 45 74 
19 18 17 7 7 25 24 
20 23 25 8 12 31 37 
21 25 36 10 16 35 52 
22 20 39 14 58 34 97 
23 25 26 3 5 28 31 
24 .. . . . . . . 65 141 
25 . . . . . . .. 52 69 
26 8 17 3 4 11 21 
27 30 56 6 25 36 81 
Average 20 31 11 21 36 63 
a b 
Incubations without ACTH; with ACTH. 
Conditions of' incubation: 1.5 gram adrenocortical slices were 
incubated in Krebs-Ringer-phosphate buf'f'er medium at pH 7.4 f'or 2 hours, 
at 38° c., using oxygen as the gas phase. ACTH added to a concentration 
2.5 I.U./10 ml. (Same conditions as in cell-clump studies, except weight 
of' tissue and volume of' medium were increased. The ratio of' tissue to 
medium was unchanged. ) 
9· Stimulation of a-Ketol Production in Adrenocortical 
Slices by Cofactors plus Fumarate and Comparison to 
ACTH Response 
The stimulatory effect of cofactors plus fUmarate on cell-clumps 
indicates that cofactors are limiting in this preparation. The question 
arises whether adrenocortical slices are similarly stimulated by co-
factors. To answer this question, adrenocortical slices were incubated 
in the presence of AT.P, DPN, niacinamide, and fumarate under the condi-
tions employed in the cell-clump studies. The results of 5 experiments 
are given in Table 14, in which the a-K8tol response is shown to ACTH 
and to cofactors plus fUmarate. All vessels of each experiment con-
tained equal and representative slices of adrenocortical tissue from 
the same glands (1.5 grams per 22.5 ml. of Krebs-Ringer-phosphate 
buffer medium). 
The data of Table 14 show that cofactors plus fumarate stimulate 
a-ketol production in adrenocortical slices to an extent exceeding that 
produced by ACTH. 
10. Effect on the Corticosterone and Cortisol 
Fractions by Addition of Cofactors plus 
Fumarate to Incubations of' Adrenocortical 
Slices and Cell-clumps 
Table 15 presents the results obtained by fractionating the steroid 
products from 7 experiments in which cofactors and fumarate were added 
to incubations of slices or cell-clumps. It may be seen that supplemen-
tation stimulated the production of both cortisol and corticosterone, 
which may be of significance, since ACTH has been shown in this study and 
by others to also stimulate the biosynthesis of both these steroids. 
TABLE 14 
COMPARISON OF THE STIMULATORY EFFECTS OF ACTH AND COFACTORS PLUS RJMARATE ON a-KETOL 
PROWCTION BY ADRENOCORTICAL SLICES 
Total a-Keto1s (micrograms/gram tissue) 
, a Additions to Incubation Media 
Expt: 18 19 20 22 23 Average 
No addi tiona 45 25 31 34 28 33 
ACTH 74 24 37 97 31 53 
ATP, DPN, niacinamide, and fumarate 120 41 68 76 55 72 
- --- ---- -- - - - -
a Conditions of incubation and concentration of reagents as in previous experiments. 
~ 
TABLE 15 
INCREASE IN a-KETOL C01f.IENT OF CORTICOSTERONE AND CORTISOL FRACTIONS 
RESULTING FROM ADDITION OF COFACTORS PLUS FUMARATE TO INCUBATIONS 
OF ADRENOCORTICAL . SLICES AND CELL-CLUMPS 
~-Ketols (micrograms/gram tissue) 
Adrenocortical Expt. 
Preparation No. Corticosterone Fraction Cortisol Fraction 
-
-
a +b 
-
+ 
18 11 43 34 77 
19 18 33 7 8 
20 23 51 8 17 
Slices 
22 20 53 14 23 
23 25 49 3 6 
Cell-clumps(0.5mm) 10 41 119 18 63 
Cell-clumps(2mm) 10 51 96 20 78 
Cell-clumps(0.5mm) . 5 59 110 22 77 
a. b No additions; co:factor-:f'uma.ra.te supplement added. 
Conditions o:f incubation and concentration o:f reagents a.s in 
previous studies. 
ll. Comparison of' Adrenocortical Slices and 
Cell-clumps with Respect to Responsivity 
to Cof'actor-fUmarate Supplementation 
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It may be seen f'rom Table 19, Which brings together data already 
presented, that the net production of' a-ketols resulting f'rom cofactor-
fUmarate supplementation is greater in the cell-clumps than in slices. 
The explanation f'or this dif'f'erence in the response of' the two prepara-
tions may be simply that the loosely packed structure, relatively 
large surf'ace area, and partial disorganization of' the tissue in the 
cell-clump preparation permits entry of' cof'actors into the cells and/ 
or exit of' corticosteroid products to a greater extent than possible 
in the slice. 
12. Ef'f'ect of' ACTH on a-Ketol Production of' 
Adrenocortical Slices and Cell-clumps 
in the Presence of' Cof'actors and Fumarate 
To determine whether or not cof'actors or f'Umarate can augment 
the action of' ACTH, incuba:tions of' slices and cell-clumps were carried 
out with ACTH in the presence of' (a) DPN, ATP, and niacinamide, and 
(b) complete cof'actor-f'Umarate supplementation. The results, presented 
in part in previous tables, are given in Table 17. It may be seen that 
the a-ketol responses of' ACTH alone or of' cof'actor-fumarate supplemen-
tation alone were as described previously, and that ACTH had no signif'i-
cant ef'f'ect when added to incubations containing cof'actors either with 
or without f'umarate. In experiments 22 and 28, vessels containing 
:f'umara.te plus ACTH were also incubated (not given in table); the i'uma.rate 
had no ef'f'ect whatever on the ACTH response (total a-ketol content: 94 
and 31 micrograms/gram tissue, respectively). 
TABLE 16 
COMPARISON OF ADRENOCORTICAL CELL-CLUMPS AND SLICES IN REGARD 
TO cx-KETOL STIMUlATION BY COFACTORS PLUS FUMARATE 
-- -------
- ----
- · - - - - - -
Net a-Ketol Production Resulting from Cofactor-
Fumarate Supplementationa 
(Micrograms/g. tissue) 
Tissue 
Experimental Values Average 
Cell-clumps 68 107 lo6 14o 88 70 97 
Slices 75 16 37 42 27 .. 39 
~alues are total cx-ketol content less that found in 
the non-supplemented incubations. 
8 
TABLE 17 
EFFECT OF ACTH ON a-KETOL PROOOCTION OF ADRENOCORTICAL SLICES AND CELL-CLUMPS IN THE 
- PRESENCE OF COFACTORS AND FUMARA'IE 
Total a-Ketols (micrograms/ gram tissue) 
Addi tiona to Media 
Slices Cell-clumps 
Cofactor ACTH Expt. 18 19 20 2l 22 ? j : 13 17 
None 
-
45 25 31 35 34 28 25 34 
+ 74 24 37 52 97 31 29 43 
-
.. . . • • 31 50 35 46 46 
ATP, DPN, niacinamide 
+ .. • • • • 34 64 38 47 51 
-
120 41 68 .. 76 55 137 132 
ATP, DPN, niacinamide, fumarate 
+ 120 57 69 •• 82 67 145 141 
Conditions of incubation and concentration of reagents as in previous studies. 
g 
CHAPTER IV 
DISCUSSION AND SUMMARY 
A. The Status of Deoxycorticosterone as an Intermediary 
in the Biosynthesis of Cortisol 
103 
Previous investigations have strongly indicated that deoxycorti-
costerone (DOC) is the intermediary in the biosynthesis of corticosterone 
1 from progesterone (refer to Hechter and Pincus ). On the basis of adrenal 
perfusion data, and other in vitro studies using bovine and porcine 
adrenal tissue2' 3' 4'5, it was concluded1 that neither DOC nor its ~-
hydroxylation product, corticosterone, are convertible to cortisol. 
Several groups of investigators, however, were in disagreement with this 
conclusion. Kahnt and Wettstein6 introduced evidence that DOC was con-
verted to cortisol by adrenal homogenates. 7 Dorfman et al. detected 
radioactivity in the cortisol synthesized by adrenal homogenates to which 
1 Hechter, 0., and Pincus, G. Physiol. Rev. 34:459, 1954. 
2 Plager, J. E., and Samuels, L. T. The Conversion of Progester-
one to 17-Hydroxydeoxycorticosterone by Fractionated Beef Adrenal Hamo-
genates. J. Biol. Chem. 211:21, 1954. 
3Haines, W. J. Studies on the Biosynthesis of Adrenal Cortical 
Hormones. Recent Progr. Hormone Research 1:255, 1952. 
4 Hayano, M., and Dorfman, R. I. The Enzymatic Hydroxylation of 
Steroids. J. Bio1. Chem. 201:175, 1953· 
5 Savard, K. , Green, A. A., and Lewis, L. A. 
Desoxycorticosteroids with Adrenal Tissue Homogenates. 
418, 1950. 
Oxidation of 11-
Endocrinol. 4 7: 
6 Kahnt, F. w., von, and Wettstein, A. Die 11-<Dcydation von 
Desoxy-corticosteron und Reichstein's Substanz S mit Hilfe tierischer 
Organhamogenate. Bildung von Corticosteron und 17-0xy-corticosteron. 
Helv. Chim. Acta 34:1790, 1951. 
7 . Dorfman, R. I., Hayano, M., Haynes, 
vitro Synthesis of Adrenal Cortical steroids. 
1:191, 1953· 
R., and Savard, K. The in 
Ciba Foundation Colloquia 
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DOC-4-c14 had been added, indicating a 2 per cent yield of cortisol from 
DOC. However, since evidence of radiochemical homogeneity of the cortisol 
ws not provided by Dorfman et al., and since the identification of corti-
sol ws not conclusive in the report by Kahnt and Wettstein, the preponder-
ance of data supported the conclusion of Hechter and Pincus. More recently, 
the reports by Heard et al. 8,9 that DOC is converted to cortisol in good 
yield, seriously challen~d the work of previous investigators. The 
studies by Heard and colleagues were especially impressive, since radio-
labeled DOC was employed, whereas only two of the previous studies 
(Dorfman et al. , and Plager and Samuels) utilized tracer methods. Heard 
8,9 
et al. concluded that the sequence of hydro:xylations of progesterone 
in the biosynthesis of cortisol and corticosterone was not obligatory, and 
that alternative routes of corticoid formation are operative to a major 
degree. 
The studies on DOC which have been presented in this dissertation 
were undertaken to clarify the discrepancy between the work of Heard's 
group and the previous findings. For this purpose tracer amounts of DOC-
21-c14 and progesterone-4-c14 were incubated with homogenates prepared in 
various media, and the degree of incorporation into the cortisol and 
8
Heard, R. D. H., Bligh, E. G., Cann, M. C., Jellinck, P. H., 
O'Donnell, v. J., Rao, B. G. and Webb, J. L. Biogenesis of the Sterols 
and Steroid Hormones. Recent Progr. Hormone Research 12:45, 1956. 
9Heard, R. D. H., Jacobs, R., O'Donnell, v. J.~ Peron, F. G., 
Saffran, J. c., Solomon, s. s., Thompson, L. M., WillotJ,ghby, H., and 
Yates, c. H. The Application of . Carbon-14 .. to the _study of the Metabol-
ism of the Sterols and Steroid Hormones. Recent Progr. Hormone Research 
2:383, 1954. 
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corticosterone formed was measured. In all homogenates studied, it was 
observed that while DOC-2l-c14 was incorporated into the corticosterone, 
no incorporation into the cortisol formed in the system could be detected; 
progesterone-4-c14, on the other hand, was incorporated into both 
14 
cortisol and corticosterone. While DOC-21-C was not converted to 
cortisol, it did give rise to certain unknown c14-products, of' polarity 
similar to but not identical with cortisol, which could be separated 
from cortisol by careful paper chromatographic fractionation. While the 
present homogenate studies are not directly comparable to those of' 
Heard et al., the present findings raise the strong possibility that in 
the studies of Heard et al. c14-noc was converted to a radioactive 
product of' mobility similar to cortisol, which is not cortisol. This 
suggestion is strengthened by the fact that the chromatographic systems 
employed by Heard's group did not move the suspected cortisol zone more 
than a few centimeters from the starting line of' the chromatogram. The 
separation of' compounds of' similar mobilities is not favored by these 
circumstances. 
In agreement with the results of the present investigation, 
10 
recent work with rat adrenal tissue bas likeWise failed to detect the 
conversion of' DOC to cortisol, although it was reported that this steroid 
was converted to Porter-Silber reactive chromogenic material (presumably 
containing the dihydroxyacetone side-chain characteristic of' cortisol) 
10 Hoffman, F. G. . The in vitro Hydroxylation of' 2l-Carbon 
Steroids by Rat Adrenal Glands-. Endocrinol. 60: 382, 1957. 
l o6 
and to a ketolic steroid zone of polarity intermediate between cortisone 
and corticosterone. Similarly, it has been reported that corticosterone 
is converted to more polar products, the nature of which have not been 
defined. One of these products exhibited a chromatographic mobility 
ll 
similar to cortisol. Thus it seems clear that DOC can be converted in 
appropriate in vitro systems to products which are more polar than 
corticosterone as well as to corticosterone. However, until it hae been 
shown, using unequivocal techniques for the demonstration of radiochemi-
cal homogeneity, that OOC is actua.ll.y converted to cortisol, there would 
appear to be no need to postulate an alternative pathway of cortisol 
production via DOC. 
The identity of the radioactive product of DOC metabolism which 
was encountered in this study has not been determined. Since the DOC 
molecule may be hydroxylated in several positions in addition to e-ll 
( cf. Chapter I, section B), it is not unlikely that DOC was hydroxy-
lated not only at C-ll but also at some position other than at C-l?a. 
If this occurred, the resulting compound would possess a chromatographic 
mobility similar to cortisol, but would probably form a diacetate. Since 
an additional acetate group increases mobility on chromatograms, separa-
tion of this compound from the monoacetylated cortisol would be possible. 
ll 
:ij(P.~es, R., Savard, K., and Dorfman, R. I. Conversion of 
Adrenocortical Hormones to More Polar Compounds by Adrenal Slices. 
Proc. Soc. Exp. Biol. and Med. 82:6o8, 1953• 
B. Role of' llf3-Hyd.roxyprogesterone as an Intermediary 
in the Biosynthesis of' Cortisol 
and Corticosterone 
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Structurally, llf3-hydroxyprogesterone (llf3-HP) is a logical con-
tender f'or a position as major intermediary in the formation of' cortisol 
and corticosterone from progesterone. The conversion of llf3-HP to these 
hormones would require hydroxylation at C-l7a and/or C-2l, reactions 
which have been shown to occur in adrenal. tissue. In addition, evidence 
is available that llf3-HP is a product of progesterone metabolism in the 
perfused adrenal. glandl2, and by adrenal. mitochondrial preparations.l3,l4 
In the present investigation, it was shown that llf3-HP can be 
converted by cell-free adrenocortical hamogenates to both cortisol and 
corticosterone. The question now arises whether llf3-HP is a major in-
termediary in the reaction sequence, progesterone to cortisol or corti-
costerone. It is a biochemical. maxim that in any reaction sequence a 
postulated intermediary reaction should proceed at a rate equal to (if' 
not greater than) the rate of the overall process. From this point of' 
view, it is clear that 11(3-HP cannot be the major intermediary in the 
conversion of' progesterone to corticosterone, since under all conditions 
studied, the conversion rates (1113-HP to corticosterone) were less than 
those obtained with progesterone or the alternative intermediary, DOC. 
l2 Levy, H., Jeanloz, R. w., Jacobsen, R. P., Hechter, o., Schenker, 
v., and Pincus, G. Chemical Transformations of' Steroids by Adrenal. 
PerfUsion. J. Biol. Chem. 2ll:867, 1954. 
"l3 Brownie, A. c., Grant, J. K., and Davidson, D. w. Biochem. J. 
58:218, 1954. 
14 
Saba, N., and Hechter, o. Federation Proc. 14:775, 1955. 
On the other hand, DOC is converted to corticosterone at rates equal to 
or exceeding those of progesterone to corticosterone. 
The role of 1~-HP as an intermediary in cortisol production is 
more difficult to interpret. This arises because incorporation of c14-
progesterone into cortisol is influenced by the nature of the homogenate 
preparation. In sucrose homogenates, where c14-progesterone is incorpor-
ated into cortisol at the highest rate, c14-1~-HP is definitely inferior. 
When ionic media are used, c14-progesterone apparently does not mix well 
with endogenous progesterone at the stte of the 17-hydroxylation step, 
since despite the fact that endogenous cortisol production is not 
diminished the incorporation of c14-progesterone is markedly reduced. 
This is also evident from the fact that with c14-progesterone the ratio 
of specific activities of corticosterone/cortisol is increased from 
about 2 in sucrose to 11-17 in ionic media. The specific activity ratios 
14 14 
of the products of the C -progesterone and C -1~-HP incubations are 
given in Table lB to illustrate these differences. 
To determine the significance of ~-HP as cortisol intermediary, 
one must decide which of these hamogenates most nearly exhibits the 
pattern of corticosteroidogenesis observed in the intact adrenocortical 
cell. Fortunately, data are available to help resolve this question. 
In experiments wherein c14-progesterone was perfUsed through bovine 
adrenals15, it was found that the specific activity ratio of the products 
15 Stone, D., and Hechter, o. Arch. Biochem. and Biophys. 51: 
457, 1954. 
Table .~ 
SPECIFIC ACTIVITIES OF THE PRODUCTS ISOLATED ~OM INCUBATIONS OF ADRENO-
CORTICAL HOMOGENATES WITH c1 -SUBSTRATES 
r 
c14-Substrate 
Specific Activity (s.A. ) Ratio: 
Medium (counts/minute/microgram) S.A. Corticosterone 
Corticosterone Cortisol S.A. Cortisol 
Proges~rone-
21-c1 Sucrose 57 28 2.0 
Proges~erone-
4-cl It 76 32 2.3 
4 14 Sucrose 14 7 1.9 1113-HP- -c KCl 29 9 3.4 
NaCl 46 16 3.0 
Proges~erone- Sucrose 62 33 1.9 
4-c1 KCl 80 5 17.0 NaCl 110 8 13.6 
4 14 1113-HP- -c KCl 37 20 1.9 
Progest~rone-
21-c1 KCl 139 13 10.7 
~ 
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formed (corti.costerone/cortisol), was 1.5; this is of the same order of 
ma.gni tude as in the sucrose homogenates (Table 18). Thus it would 
appear that the components involved are organized in sucrose homogenates 
in a manner that is similar to the arrangement in intact cells of the pe~ 
fused gland, whereas the conditions in the homogenates prepared with 
ionic media are "abnormal11 relative to intact cells. From these con-
siderations, the conclusion emerges that ll!3-HP, while capable of being 
converted to cortisol by adrenal enzymes, is not a major intermediary 
in the formation of cortisol from progesterone in the cow gland. 
If ~-HP is not a major intermediary, what is the physiological 
significance of the demonstrated limited conversion of 1113-HP to corti-
costerone and to cortisol? In the intact cell, it has been postulated 
that the sequence of hydroxy lations occurs on the mitochondrial surface, 
16 
whereon the successive enzymes are spatially orientated. If homogen-
ization under adverse conditions partially disrupts such a hypothetical 
enzyme orientation, it is possible that certain hydroxylations might 
well occur under these circumstances, which are not possible in the 
organized orientated system in the cell. Consequently, the fact that 
~-HP can be hydroxylated at C-21 and C-17 does not necessarily indicate 
that these reactions occur in vivo. 
On the basis of the results of this study, the sequence of corti-
costeroidogenesis may be presented as in Figure 7; wherein the heavy 
lines indicate the principal pathways. The thin lines serve to indicate 
that the conversion of 1113-HP to cortisol and corticosterone does occur, 
16 Hayano, M., Saba, N., Dorfman, R. I., and Hechter, o. Recent 
Progr. Hormone Research 12:79, 1956. 
but that ~-HP is not a major precursor of these hormones. 
C. Considerations Regarding a Possible Mechanism of ACTH 
Action as SUggested by Studies Utilizing Adreno-
cortical Cell-clumps and Slices 
As previously discussed, this aspect of the investigation 
developed from indications that the responsiveness of adrenocortical 
tissue to ACTH is related in some way to the structural organization 
ill 
of the tissue. Attempts to further investigate the above relationship, 
utilizing a preparation of minute clumps of adrenocortical cells, were 
not successful because of the unexpected characteristics of the pre-
paration. The study does contribute information concerning a possible 
mechanism of ACTH action. 
This cell-clump preparation was shown to be incapable of syn-
thesizing significant amounts of corticosteroids, either in the presence 
or absence of ACTH. The reason for this lack of corticoid production 
emerged when it was found that steroidogenesis was restored when the 
medium was supplemented with ATP, DPN, ni acinamide and :f'umarate. 
Apparently, the cell-clumps retained all of the enzyme systems necessary 
for corticosteroidogenesis, but cofactors and Krebs cycle intermediates 
required for the functioning of these enzymes were either washed out or 
destroyed during the preparation of the cell-clumps. It was also shown 
that preparati ons of adrenocortical slices, which respond to ACTH, are 
further stimulated by the cofactor-fumarate supplementation, but to a 
l esser degree than the cell-clumps, and that ACTH was not able to in-
crease the corticoid production of slices above that caused by cofactors 
112 
ooc-----~ ... Corticosterone 
l 1 
Cholesterol ... Pregnenolone--. Progesterone--~~~-Hydroxyprogesterone 
1 J 
17-0H progesterone~ 17-0H-OOC~ Cortisol 
Figure 7• Corticosteroidogenic sequence, revised to 
include the results of this study. 
Heavy lines indicate the major pathways; thin lines indicate 
reactions which occur, but cannot be considered as principal paths of 
hormone synthesis. 
ll3 
plus fUmarate. Since AT.P and DPN, or TPN, have been reported to either 
stimulate or be required for the known successive steps in the conver-
sion of cholesterol to cortisol and corticosterone, and since fUmarate 
also accelerates several of these reactions (Section D, Chapter I), the 
present results regarding cofactor-fumarate stimulation of corticoid 
production were not completely unexpected. 
Since the presumed depletion of cofactors and substrates from 
the cell-clumps prevented significant corticoid synthesis, it was not 
possible, as was the original intention, to contribute definitive in-
formation regarding the possible relationship of the ACTH responsiveness 
of adrenocortical tissue preparation to the degree of structural in-
tactness. The evidence does suggest, however, that cofactor-substrate 
depletion of adrenocortical tissue readily occurs under certain in vitro 
conditions, and that the relatively poor response of adrenocortical 
slices to ACTH as compared to more intact preparations may be in part 
due to a partial loss or dilution of cofactors or substrates. 
These findings must be considered in the light of the theory 
advanced recently by Haynes and Berthetl7, who suggested that one possible 
mechanism of ACTH action is to make TPNH available to the cell, and in 
this way increase the rate of corticosteroidogenesis. According to this 
view, the availability of TPNH is rate determining. Haynes and Berthet 
believe that ACTH, by activating phosphorylase, makes glucose-6-phosphate 
available to the system, and that the increased availability of glucos& 
6-phosphate (G-6-P) accelerates the reduction of TPN+ to T.PNH via the 
17 Haynes, R. c. Jr., and Berthet, L. J. Biol. Chem. 2S2:ll5, 1957. 
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monophosphate shunt. These conclusions are supported by the demonstra-
tion that TPN+ plus G-6-P, or glycogen plus liver phosphorylase, 
markedly increases the a-ketol content of homogenates prepared from pre-
incubated slices of steer adrenal cortices.17 Koritz and Peron also 
demonstrated that TPN+ plus G-6-P stimulates corticosteroid production 
of sectioned rat adrenals.l7a As described in Chapter I, Section D, 
TPNH is known to be required for steroid hydroxy lations. 
The results of the present study on slices and cell-clumps are 
consistent with the view of Haynes and Berthet that cofactor availabil-
ity is rate-limiting in corticosteroidogenesis. Thus, in the presence 
of cofactors supplied exogenously in unlimited amounts to cell-clumps, 
ACTH should not be expected to act if its role is to make TPNH available 
to intracellular enzymes. Similarly, the studies on slices are ex-
plicable in these terms, because, if cofactor (and presumably TPNH) 
availability is actually rate-limiting in this preparation, upon their 
addition corticosteroid production should be increased; moreover, under 
these circumstances ACTH should have no additional effect upon slices 
fully supplemented with cofactors. 
The question, however, must be asked whether cofactors, and 
particularly TPNH, are rate-limiting in vivo or in the intact cells of 
the perfused gland, systems which are both exceptionally responsive to 
ACTH. The answer to this question, which appears to be the key problem 
in ~his connection, is not known. However, it should be noted that in 
17a Korttz, s. B., and Peron, F. G. J. Biol. Chern. 230:343, 1958. 
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the perfused, isolated bovine adrenal gland, ACT.H does not facilitate 
18 the 1113-hydroxylation of DOC ; similarly, ACT.H has only a slight 
stimulatory effect on the conversion of progesterone to cortisol or 
corticosterone, but exerts its greatest effect upon the transforma-
tion of cholesterol to progesterone.19 The. subsequent reactions, 
which involve hydroxylation at C-17, C-21, and C-11, are precisely 
those which one would expect to have a TPNH requirement (Chapter I, 
Section D). The fact that ACTH has no great influence on these 
reactions in the perfUsed gland suggests that the T.PNH level under 
these near physiological conditions is not rate-limiting. 
The possibility still remains open that TPNH concentrations, 
while adequate for C-21, C-17, and C-11 hydro:xylations may neverthe-
less be limiting with regard to an early step in the sequence, in 
which cholesterol is converted to progesterone. The available evidence 
strongly indicates that ACT.H does act on one of these steps in the 
sequence.20 Such an involvement of TPNH might be related to the fact 
that C-20 hydroxylation of cholesterol appears to be involved in the 
18 
cf. Hechter, o., and Pincus, G. Physiol. Rev. 34:459, 1954. 
19 Stone, D., and Hechter, 0. Arch. Biochem. and Biophys. 51: 
1954. 
20 
cf. Hayano, M., Saba, N., Dorfman, R. I., and Hechter, o. 
Recent Progr. Hormone Research 12:79, 1956. 
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side-chain cleavage of cholesterol. 21 If TPNH were required for a 
hydroxylation step early in the sequence, the question arises whether 
it might be possible to have amounts of TPNH adequate for C-17, C-21, 
and C-11 hydroxylation but inadequate for an early step, possibly C-20 
hydroxylation. The evidence suggests that the enzymes concerned with 
side-chain cleavage are localized in or on the mitochondria. 22 However, 
this is also the site of the 1]$-hydroxylation system, which as already 
indicated would appear to have adequate amounts of TPNH. From these 
considerations, it appears that acceptance of the "TPNH rate-limiting" 
theory of ACTH action requires the postulation that there are limiting 
amounts of TPNH at the site of the cholesterol side-chain cleavage 
system in mitochondria,while at the site of llt3-hydroxylation also in 
mitochondria adequate amounts of TPNH are present. 
Although a shift of TPNH to these sites of side-chain degrada-
tion under the influence of ACTH . might be an explanation of how ACTH 
stimulates corticosteroidogenesis, it should be pointed out that ACTH 
also stimulates cell growth. This implies that in some way, ACTH 
activates the biosynthetic reactions necessary to the production of the 
characteristic proteins, lipides, polysaccharides, and so on, of 
adrenocortical cells. The theory of ACTH action just discussed does 
not attempt to explain these other manifold effects of ACTH. 
21 Solomon, s., Levitan, P., and Lieberman, s. Possible Inter-
mediates Between Cholesterol and Pregnenelone in Corticosteroidogenesis. 
Rev. Canad. de Biol. 15:282, 1956. 
22 Saba, N., and Hechter, o. Federation Proc. 14:775, 1955· 
ABSTRACT OF DISSERTATION 
ASPECTS OF ADRENAL CORTICOSTEROIOOGENESIS, WITH SPECIAL 
REFERENCE TO CERTAIN INTERMEDIARIES AND TO 
FACTORS INFLUENCING CORTICOID FORMA-
TION IN VITRO 
by John Harris Eichhorn, Boston University Graduate 
School, Boston, Massachusetts 
This study concerns two aspects of adrenal cortical hormone 
production; both are intended to contribute to an ultimate understand-
ing of the mechanism of adrenocorticotrophic hormone (ACTH) action. 
Since the corticosteroidogenic process is stimulated by ACTH, the 
chemical transformations involved in hormone synthesis must be underst ood. 
The first phase of this study utilized radiotracer techniques to resolve 
uncertainties which existed concerning the roles of ll~-hydroxyprogesterone 
and ll-deoxycorticosterone (DOC) as intermediaries in the formation of 
cortisol and corticosterone from progesterone. For this purpose, trace 
14 14 
amounts of ll~-hydroxyprogesterone-4-c and DOC-21-C were added to 
incubations of cell-free bovine adrenocortical tissue prepared in a 
variety of media. The cortisol and corticosterone, which are produced 
from both endogenous precursors and suitable exogenous precursors by these 
homogenates, were isolated from lipid extracts of the incubation mixtures 
by column and paper chromatography. Measurement of the amount and radio-
active content of the corticoids formed permitted evaluation of the degree 
of conversion of DOC-2l-c14 and ll~-hydroxyprogesterone-4-c14 to cortisol 
and corticosterone, relative to that of a known intermediary, progesterone, 
- 2 -
incubated under identical conditions. It was found that DOC is converted 
in good yield to corticosterone, but not in detectable amounts to corti-
sol. The results support the postulation that cortisol and corticosterone 
are formed from progesterone via separate pathways. With regard to 
11~-hydroxyprogesterone, a limited conversion of this steroid to both 
cortisol and corticosterone was observed; however, the degree of this 
conversion relative to that of progesterone indicated that 11~-hydroxy­
progesterone is not a major intermediary in the formation of these corti-
coids from progesterone. 
The second aspect of this study was stimulated by observations 
of previous investigators that the responsivity of adrenocortical tissue 
to ACTH in vitro is related to the structural integrity of the tissue 
preparation. To investigate this possible relationship, a preparation 
of bovine adrenal cortical tissue was devised which is intermediate in 
structural organization between homogenized and sliced tissue. This 
preparation, which consisted of small clumps of cells, was incubated under 
a variety of conditions and compared to similar studies carried out on 
adrenocortical slices. The corticosteroid production of these prepara-
tions was determined utilizing paper chromatographic techniques. 
Evidence was obtained which indicated that certain cofactors and 
substrates which are necessary for corticoid formation were removed or 
destroyed in the preparation of these. clumps of adrenocortical cells. 
Apparently as a consequence of this loss, the tissue no longer produced 
corticoids in significant amounts. However, corticosteroidogenic 
- 3 -
capabilities were restored in the presence of glucose by t~e addition 
of adenosine triphosphate (ATP), diphosphopyridine nucleotide (DPN) and 
:fumarate to the incubation medium. Each of these cofactors contributed 
to the maximal corticosteroidogenic response, and ATP and DPN could be 
replaced by triphosphopyridine nucleotide (TPN). This cell-clump 
preparation did not respond to the ACTH either in the presence or 
absence of cofactor-f'uma.rate supplementation. In contrast, adrenal 
cortical slices were shown to respond both to cofactor-fUmarate supple-
mentation and to ACTH; however, these effects were not additive. These 
results indicate that cofactor availability is rate-limiting in the pro-
cess of corticosteroidogenesis, and are consistent with the concept 
that the mechanism by which ACTH stimulates corticosteroidogenesis may 
in some manner be concerned with an increased supply of cofactors to 
specific localized sites of enzyme activity within adrenocortical cells. 
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